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Abstract

In this research, we have developed network design techniques for efficient energy
utilization in Wireless Sensor Networks (WSNs). We model the proposed network design
problems as an integer linear programming that aims to minimize the network cost through the
minimum number of relay-station installation. Then we further investigate the problem of
minimizing the energy consumption of the sensor nodes.

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. Numerical
experiments were conducted to evaluate and demonstrate the effectiveness of the proposed
methods in various network scenarios. The results demonstrate the capabilities of the proposed
methods to design WSNs with more efficient energy utilization compared with other methods in

term of total energy consumption and average energy consumption of SNs in the networks.
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E = vxixt (joules) (2.5)
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3.2.1 Msdenuauls

REREVEEE

o { a 14 % v Aa
Fulsnldluaumsndiamansilsznovaie n daualsaaaula (decision variables) 1ag

JAA 1

TNUNANN

v
=1

(constant parameters) AdLLEA 1UA15199 3.1, 3.2 uag 3.3 Mwaay Taoauds
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I @ { g ' a 1 g ) I { 1 T W o
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A v v I ) v o
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[ [ o o A
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o oA Yo v a & A . .
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2 a o P A Y Y Y
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o A IS @ Y Y
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g oasimsaidoyavesluansing i ;i €1 (bit/sec)
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Minimize in (3.1)

Vjed

(2) aumM3aeU 1 (Constraints)

[ Y o w

A A Yy ¥ < = v W
N@uhl‘lJGLUﬂWSE]E]ﬂLLUULﬂiE]"IHEJﬁi’)ﬂg113ﬁ?EJLII‘L!fﬂiﬂTT‘i‘L!ﬂ"U@ﬁ]?ﬂﬂlﬂﬂ’)ﬂﬂﬁﬂi&lﬂ!%ﬂ?ﬂ

A ! A ) Aq Y A R 9
ﬂ']flﬂ’]WGUENﬂ']ﬁﬁ@ﬁ']ﬁ531'1'J'NTu@iu&ﬂﬁ'E]GU']fJ!,L‘]J‘]Jllﬁﬁ']8ﬂ1%ﬁﬂ1uﬂ’]mﬂ@ﬂ1uﬂ']iﬁ\?ﬂ’]u‘llﬂyaﬁnﬂ

9 1 A

Tuaaiavi lldsaniigiu Taediveldusaion lveeniluawnguie Seulumsaearssznin

A

Y 1 = 4 @ = 9
Iuﬂﬂiﬂﬁ]qﬁj ﬁﬂ?ﬁﬂ?ﬂ‘ﬂﬂﬂ HASEDIUIIU NEJ‘L!Ul‘llalul%’EN“UENﬂ’JUJi]LLﬁZﬂﬁi@\iiﬂﬂih?ﬂﬁlﬂyja

[ 9 [

A ' A A Y o Yy X Y
melupevts uaz Nﬂuhl“llclul'i@\?m@\isuﬂﬂ?ﬂﬂﬂWUWﬁﬂﬁ?uﬂJ@ﬂIuﬂ@]ﬁ?ﬁ]g Fa1ATaas19ve
A o

' I ¥ Ay v ) o v A Y = 1
Lﬂ%@"lﬂﬂ@li'ﬁ]ﬁliﬁWﬂﬂ1ﬂﬂ1ﬂﬂ13@@ﬂllﬂﬂ (HUADIUIUUALA LN UINGIVDIFTDIUDIENDA) LD

1 H 9
WumslumsaetoyannTuaniand lldsaaiigiu douiluldawideuluismualiimua

2.1) oulumsFodsszninaTuanasing aoiiinienea uazaniigiu

S (P.—R,) 20 Vvikel,i#k (3.2)
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(2.2) Jou lvluGesvesnnuyuazmssessviSinadeyanmeluasons

k=i i#n
(T*g)+ D 8= S+ 2.+ Db, Viel (3.3
vkel Vnel vjed vmeM
dor<Vx, Viel (3.6)
Vjed
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A v
ﬂlﬂﬁ!ﬂiﬂﬂ]1ﬂﬂ§3§)§"l§ﬁ1ﬂ
Y

v Y A o a Jd o @ a & A A 9 9
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WauieeNigaveuns011eA3293 15819 (Minimum Energy-RS Placement problem: MERP) & 4]

G}

o s A Y a Y o ¥ A Yy A A 2
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A ] I~ = [ d' d' v 9
wsevieluaumaaeInuaumsonly (3.2)-(3.11) Puaaeluriie 3.2.2

izk=n  Kk#i i#n
Minimize > (> s,C, + > 5,C o+ 2 1C rs+ 2.0.C, &) (3.12)
Viel Vkel Vnel Vjed vmeM
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3.2 Tidumaeluldsunsy IBM ILOC CPLEX Optimization Studio $4U52naUA28MIMUUARA?

wlsaaduls Manduiagilseasd 3.1) wazSou'ly (3.2)- 3.11)
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M99 3.4 uaaamsudasanns Tsunsudadusuududumdalu T sunsu

IBM ILOC CPLEX Optimization Studio

AUMITNNFITD 3.2

v
o v

maelulalsunsy ILOG OPL IDE

atlsaaduls //Decision Variable
X; dvar int x[RS]in 0..1;
Sk dvar int+ s[SN][SN] ;
i dvar int+ r[SN][RS] ;
B, dvar int+ b[SN][BS] ;
ﬂﬁéﬁui'ﬁqﬂszmﬁ //Objective Function
quN13(3.1) Minimize sum(j in RS) x[]]
dou'ly subject to {
aun1s3.2) ctl : forall(i,k in SN:i!=k) s[i][k]*(Pr SN[k][i]-Pthr SN) >=0 ;
aun13(3.3) ct2 : forall(i in SN,j in RS) r[i][j]*(Pr_RS[i][j]-Pthr RS) >=0
aun1s(3.4) ct3 : forall(i in SN,m in BS) b[i][m]*(Pr_BS[i][m]-Pthr BS) >=0 ;
ct4 : forall(i in SN) T*g[i] + sum(k in SN:k!=i)s[k][i] == sum(n in
aunI3.5)
SN:il=n)s[i][n] + sum(j in RS) r[i][j]+sum(m in BS) b[i][m];
aun135(3.6) ct5 : forall(j in RS) sum( in SN) r[i][j] <= V*x[j];
ct6 : sum(i in SN) (T*g[i]) == sum(j in RS) sum(i in SN) r[i][j] +
auns(3.7)
sum(m in BS)sum(i in SN) b[i][m]
aun13(3.8) ct7 : forall(k.i in SN:k!=i) s[k][i] >= 0;
aun1s(3.9) ct8 : forall(i in SN,j in RS) r[i][j] >=0;

aun15(3.10)

ct9 : forall(i in SN,m in BS) b[i][m] >= 0;

quN(3.11)

ct 10 : forall(i in SN,j in RS,m in BS) (sum(k in SN:k!=i)
(s[k][i]*Cr_SNIK][i])) + (sum(n in SN:n!=i) (s[i][n]*Ct_SN[i][n])) +
(sum(j in RS) (r[i][j]*Ct_RS[i][j]) + (sum(m in BS)
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3.3.2 aamlsznevvedllsunsu
A 2 oL . 2 a =
517 3.1 waasmihiaaTisunsy IBM ILOC CPLEX Optimization Studio B403510az19en
Y A o @ dy
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o A o w o 1 o @ o
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° ' ¥ o g ¢ ¥ 7 7 ¢
masuuaazaTasndudealiaasusa 3 1nd Usznevludre Tuma'lua (*.mod) a1 19ld (*.dat)
v
A 4
waz A 1na (*.ops)
. .. Y 1 ) o To o A 9 o | A
Wuotay 2 (Model File Editing Area) taasninandimiulamdn ldmuiamananga
o w v A Yoo Aa ' a Y o < ~
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X o v A Jo W s 4
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9 A

' ° @ 1 I @ A
WA 3 (Data File Editing Area) taasniiadmsnlddoyamiludls nineglugl
% A a 4 . 9 1 dal =3 9 o o W
Yodmlsaner uazlugiveounasng (Matrix) doyamartinzgnizonldlumsmuinlagmds
J [ {
TuTuea lWa naasdagilin 3.2
1 ) o & a 4 4 o
WINOIAY 4 (Setting File Editing Area) taaaniiiaedmsuaammsiiines momuim
o d'dd' Y o ] o w 1 o d' X
maounangalidnuTlsunsy 1wy mssinamaIuvesaazniIenus1 (Memory) Nl4Tums
° ° 3 . . a 3 o a Y = @ <3
MU TWIUMIING (iteration) VOIFTUNANTOANDS TuazIamsNeINUToyaden (Log data)
Ay v o [ A
nlannmsmuim uanedsgili 3.3
A 1 1 J
W8I 5 (Outline View) waaslnssadavesdoyanogluniaives Tuaalvd awd
¢ L s o § 1
Iwa naz wedsIila uazdaiFesdoyaliuaalugiuunsiemaiieheaemsasivaeunaz Aun

NIBIAY 6 (Solutions Log Area) UafdmaoUN 11sunsuiimsmuiany taginasani

1 S ° . : : =t o 4 <
Wnzitlumaeunanga’ls (Feasible Solution) dedoyaniaiazgniviinliGes 9 unszi

TdsunsunmsmuIunumMaoUNANGA (Final Solution)
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Search Run Window Help

g | of Btz B0 Qrlp|s Py Lo~ Academic
& = 0| [ 50SN_110RS_min_RS mo ) 50sN_110Rs_min AR50k 3 ki sosn 11085 Jnin_RS.op@ 0 (Eoine(5) [@70
g% 7| ¢ . ® using CPLEX -
20 30SN_110RS,paper_pathioss & 43dvar int x[RS] in 0..1; ok Internal data (3]
4 hgms“'mns min RS = SOdvar int+ s[SN][SN] ; +» BS:range
i @R;n(un}igur;ﬁons Sidvar int+ r[SN][RS] ; w Munt 5
2 I i (defy Sidvar int+ b[sN][BS] ; o Pihe BS: float
< — 53 Pthr RS float
S0SN_110RS, o+ P
5 SOSM_LI0RS,min RSt S¢minimize sum(j in RS) x[j] ; » Pt SN fleat
s
) 50SN_L10RS_min_RS.mod : CPLEX i 2 z:,‘rm‘
i, S0SN_110RS_min RS.ops Sksubject to | *:3Nimnge
SOSN_110RS_min_RS.dat 7 iy o
‘.gam OBL 305N 110RS.pathloss 3 Sictl: forall(i in SN,m in BS) b[i] [m]*(Pr_B8[i] [m]-pthr_BS) >=0 ; oF Extemal data (12)
+ & MulTi_OBJ_SUSN_110RS.pathloss 3 5%ct2: forall(i inm 8N,j in R8) r(i](j)*(Pr_RS[i](j]-Pthr_RS) >=0 ; [ Cr.SN: floatfSN][SN]
{29 MUl OBY_BOSN_110S_pthloss3 §0ct3: forall(i,k in SN:il=k) =[i] [k]*(Pr_sw[k][i]-Pthr_sw) >=0 ; [ Cx.BS : float{SH][BS]
o - : sum(i in SN) (T*g[i]) = sum(j in RS) sum(i in 8¥) r([i](j] + sum{m in BS)sum(i i— [ CtRs: float{SNJ[RS)
forall(j in RS) sum(i in SN) rli][j] <= w*x[j]; [ Ce.SM: floatfSNITSN]
4 [ ' forall(i in SN,j in RS,m in BS) (sum(k in SN:ki=i) (s(k][i]*Cr_sW(k][i])) + (sum 0 e float[sh]
@Froble 5t Varible) % Breakpo) = 0)| £9€7:  forall(i in SN) P4g[i] + sum(k in SN:k!=i)s[k][i] = sum(z in SN:it=n)s(il(a] +° 0 g:feat/sh] o
— ————=——| I/s5a forall(i in 8N,j in RS) r[il(3] >= 0; e e
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12g={ 3500, 2400, 2500, 2300, 2500, 2500, 2500, 2500, 2400, 2500, 2500, 2500, 2400, 1500, 1500, 2300, 2300, 2500, 2500, 2500, 2500,

Iha={E1560, 61560, #1560, G130, #1560, F1560, 61560, 61560, 61560, §1560, 61560, 61560, 61560, E1560, RL560, 61560, 61569, §1!
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{00 S 00RS v R5omod |15 SOSPLMIORS mren RSl | UG SOSNL10RS i Riaspn |
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Trep—— Aiiaal Mnthematical programmng | Genarad
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o Gerseiil Aovanced start swatch Saanderd sdvanced st -
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Bkt Comgitehon teme reporting il chock tamae -
=31
i Perscpt o Algonthes for contiroous peoblems Sunmahi .
i Pregmeesong '
i Read Alparithes {or confunsois quadrited opbmaon Lt L
o Tune
&= Smpls Glcbal dufett Eread dount ]
et ool Glatul ot vl 0674
& Limity
G Tninend Dieeciony for workiog fie Browie...
Mgl Iabpt Poseamans
& Ganenl Wiemer; pesdabis lor weriong dooge 13810
1= nlegy ‘
o Lt Panlsl made sakch Bz v
& Toleances
& Cuty
12 Sohubon pood .

g‘ﬂ‘ﬁ 3.3 Setting file editing area

3.3.3 f3019Mse8nNILLINGeV18N3I93 130
' ] Y

A10619N159NUDVIATOU18ATIDS 13 aiomd sz aulunsanasdold
1 dy A = [ Y 9 A 1 =
Menoa NUNNATaVTIVUIA 100 M31uuas TasmnualilTuaasiailunsovis 5 Tua a1l

A o o 1 d‘ A a ?:lz A Y A o 1 9 ]
911 1 aoil Suudumisiaunsafenaaasadnifinieneala 6 o1l iinsdedoyaodi
VA v A ¥ o ~ 9 o Y
aviiloq TagTnseadavounionionsdag liaenaninsgii 3.4 dmsuanugudou (ANueINn)
=] H I ¥ g ' dyQ Yy o @ v A ~

Y931l yMINTEONIUVIATOI8ATIV] 13 A 18v0IA 10819t NITaN IdninTiuaudlsdaduled
Y o é [ v Jo 2 Y o é o
ApIMImmAeY (y) svdunusnuvuiavesym lasaunindeulaasaums 3.13) Faims
a 4 3 (Y] o o
Agni I lumeanuan n. Tasvuavestdymvuegiusuauluaasad (a) Sruauaniigiv (b)

o o A A a 3’; = Y
taghrnumunisiansaaenaadsamtiaieneala (o)
y=ala+b+c-1)+c (3.13)

H Y Y
1INAIDENMIDONUDUIATUIBANNTUIT @ =5, b=1 1ag c=6 AU y = 61 15150

a 4 [ 9 A 1 I Y a
AnszianududouveslymimsesnuuuAI o 1enT 193 15010 TagNorsanantynins

' Y @ ~ = < A o A
PONUVUVUINAIE U asnaadluas i 3.5 Feaziuinlevinavesiym (Huae a, b, o
A 2 a 9 ' @ o a A 2 o a A A 1 oA

minvuuFaduuavnavesadsdadulaszmisivuuuend Twuwdea  onieaieliviig

' o o 3 ] a J
TngagihIdlymianududousnniu  Rduludesldaumsasiamansinldlumsesnuuy

insevenaz 1y 1151y ILOG OPL IDE 1378 lumsnimasy
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50 6 10 3,260
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minimize
o 4
>  aumsdagilszaen
sum(j in RS) x[j] ;
. 4
subject to  { »  aumsideuly

ctl: forall(i in SN,m in BS) b[i][m]*(Pr_BS[i][m]-Pthr_BS) >=0 ;

ct2: forall(i in SN,j in RS) t[i][j1*(Pr_RS[i][j]-Pthr_RS) >=0 ;

ct3: forall(i,k in SN:i!=k) s[i][k]*(Pr_SNI[K][i]-Pthr SN) >=0 ;

ct4: sum(i in SN) (T*g[i]) == sum(j in RS) sum(i in SN) r[i][j] + sum(m in BS)sum(i in SN) b[i][m];

ct5: forall(j in RS) sum(i in SN) r[i][j] <= V*x[jl;

ct6: forall(i in SN,j in RS,m in BS) (sum(k in SN:k!=i) (s[k][i]*Cr_SNI[K][i])) +

(sum(n in SN:n!=i) (s[i][n]*Ct_SNIil[n])) + (sum(j in RS) ([i][j1*Ct_RS[il[j])) +

(sum(m in BS) (b[i][m]*Ct_BS[i][m]))<= e[il;

ct7: forall(i in SN) T*g[i] + sum(k in SN:k!=i)s[k][i] == sum(n in SN:i!=n)s[i][n] +
sum(j in RS) r[i][jl+sum(m in BS) b[i][m];

ct8:  foralli in SN,j in RS) tlil[j] >= 0;

ct9: forall(k,i in SN:k!=i) s[k][i] >=0;

ct10:  forall(i in SN,m in BS) b[i][m] >=0; }

3109 3.5 aumsadiaenaas 115105y IBM ILOC CPLEX
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nbBS=1;

fruaduuaaiign,
nbRS=30;

amiioenea, Tuansing
nbSN=30;

A A 2 1 a ~a .
2=[2500,2500,2500,2500,25001; — SmadeyanTuansdei adr19vuaednii (bit/sec)

e=[61,560,61,560,61,560,61,560,61,560; ~——> wasnuaduvesluansvg (joules)

(M159911 AA 319U 2 Ao, nszua il 100 mA)

Pr_BS=[[-87.1554501 ]
[-92.15299957]
[-76.02940009]
[-90.51491748]
[-90.34946696] 1:

——  anuusadyanaianiigusuldnnTuaasies (dBm)

@ TaglFuuuiiaediins gadoediadie vinaumsi (2.1)

anuussdaanai Tuansv3su1dnnTuansieg (dBm)

dumlaslsuuuiiaeditnsgadoediadie vinaumsi 2.1)

Pr_SN=[[-200,-96.02940009,-91.29795996,-100.7903221,-100.1117997]
[-96.02940009,-200,-97.7565967,-94.6177786,-101.1348502 ]
[-91.29795996,-97.7565967,-200,-91.73599679,-84.32886705 |
[-100.7903221,-94.6177786,-91.73599679,-200,-87.39343457 ]
[-100.1117997,-101.1348502,-84.32886705,-87.39343457,-200 1 1;

@ Tagldnuuiaeditnmsgadoediadie vinaumsi 2.1)

r aunssdaganadi TuaninnisuldnnTuansaeg (ABM

Pr_RS=[[-62.05,-82.05,-93.41403448,-90.00880017,-92.67957834,-97.7565967]
[-96.53551739,-88.07059991,-76.02940009,-100.6383785,-96.37006687,-93.41403448]
[-88.07059991,-86.65897843,-92.15299957,-74.09119983,-62.05,-86.13239965]
[-99.7232287,-94.19910046,-89.09365036,-97.09096896,-88.28507722,-70.00880017]
[-98.30826713,-96.02940009,-96.53551739,-90.00880017,-82.05,-84.32886705] 1;

=S).
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Ct_BS=[[0.00001212 ]
[0.00003312 ]
[0.00000315 ]
[2.34675E-05]
[0.00002268 ]1;

——  wawwnlFlumsdsdeyasinTuansied ldaamiigu (joules/bit)

@EmnalasldgiuuuiiaesmsldwdinuvesTuansnndnnauns2.3)

wasamnlFlumsdsdoyaninTuansdei lldaTuansieg  (joules/bit)

@G TlagldgluuudaesmsldndeaveaTuansie ninaumsa (2.3))

Ct_SN=[[0.0000024,0.0000774,0.00002763,0.000226868,0.0001944]
[0.0000774,0.0000024,0.00011403,5.65875E-05,0.0002454]
[0.00002763,0.00011403,0.0000024,3.03075E-05,0.00000747]
[0.000226868,5.65875E-05,3.03075E-05,0.0000024,1.26675E-05]
[0.0001944,0.0002454,0.00000747,1.26675E-05,0.0000024] ;

wasn 1 lumsasdoyanin Tuansief lildsanrtiaonea (joules/bit)

Ennalagldguuuiiaesms ldndsnuvesluansindnnaunms2.3)

Ct_RS=[[0.00000243,0.0000054,0.00004347,0.00002115,0.00003708,0.00011403]
[0.00008667,0.0000144,0.00000315,0.00021915,0.00008352,0.00004347]
[0.0000144,0.00001107,0.00003312,0.00000288,0.00000243,0.00001008]
[0.000177968,5.16075E-05,1.75875E-05,9.81675E-05,1.50075E-05,2.5875E-06]
[0.00012915,0.0000774,0.00008667,0.00002115,0.0000054,0.00000747] ];

nasunTuansed 1 lumssudeyannTuansrniaidu < (joules/bit)
‘ @Emnalasldgiuuuiinesmsldwdinuvesluaninndninauns2.4)

Cr_SN=[[0.0000024,0.0000024,0.0000024,0.0000024,0.0000024]
[0.0000024,0.0000024,0.0000024,0.0000024,0.0000024]
[0.0000024,0.0000024,0.0000024,0.0000024,0.0000024]
[0.0000024,0.0000024,0.0000024,0.0000024,0.0000024]
[0.0000024,0.0000024,0.0000024,0.0000024,0.0000024] ];

9
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. . . . . o =Sl d' a QSJ‘
Final solution with objective = 1: ——— VUIUADIUDIYNOANYNAAA

v Y
x=[001000]; AurranaaadaItiolenea

\4

b =[ [2000000] nadoyaii Tuansnddaliamiigm
[0]

[6000000]

[0]

[0]1;

\4

\4

r=[[000000] Wnmdoyaii Tuansindalifamilaenen
[0 0 2000000 0 0 0]

[000000]

[000000]

[000000]1;

s=[[00000] UsmutoyaiiTuansnnddald Tuansand
[00000]

[00000]

[0 0 002000000]

[0 0 4000000 0 0] 1;

\4
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