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INDOOR POSITIONING SYSTEM/ OPTIMIZATION SYSTEM DESIGN MULTI-

FLOOR BUILDING/ WIRELESS SENSOR NETWORKS/ PERFORMANCE

The applications of wireless communication technology standard IEEE
802.15.4 for indoor positioning systems has gained more attention recently because it
is small, lightweight and low power consumption. One of the key factors that affects
the accuracy and precision of the scene analysis based indoor positioning systems is

the placement of reference nodes, especially in.The multi-floor building which has

complex internal structures. Therefore, the placement of reference node is important
issues that must be considered for the wireless indoor positioning systems.

This thesis proposes the development of reference node placement techniques
for wireless indoor positioning systems in multi-floor building. The proposed
technique is based on simulated annealing algorithm and is called MSMR-SA. The
proposed algorithm considers received signal strength to determine the optimal
location to install the reference nodes for the required service areas of indoor
positioning systems to increase accuracy for the systems. The proposed technique can
be used for the single-floor areas and the multi-floor buildings. Moreover, this thesis
conducted real environment and evaluated the efficiencies of the placement of

reference nodes. And this thesis developed the closed from equations to generate the



received signal strength and analyzed various parameters that affect the performance

of the indoor positioning systems.
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MIAUMIAIADUAIETANDI NUWUTNTTN (Genetic Algorithm: GA) (Husanesiuh
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fie Cdit Newvgate Search Fun Window Help
312 BrOTH G g -
= % 77 E S sres MSMICRLEX caselmod £, [ test MSMRCRLEX caeldm | S best MEMRCPLEX casel.ops

i Probiom beowss = Vasiables| % Broakpoirts| 37 0| 4
Solution with objective 14979.715143

Value

* Engine log B Statistics ™ Profiler

Ta+004

Y 1

319 2.2 v Tasunsy IBM ILOG CPLEX Optimization Studio

J 1 o !
® 1i318@av I (OPL Project) taadluaiuveeniingalndlngaaiu (project)
AlFas19131uT/s50ns50 IBM ILOG CPLEX Optimization Studio d1n5un1suatlaymiag o
' s 2 ¢ £
Taouaaz Tnssuazilsznou ldae 3 1a Ao Tuea'lia (*.mod) mdnlWa (+.dat) nazisana
4
Tvla (*.ops)
®  WNBIAY 2 (model file editing area) taaludruvosnthadmsuoudida
Y S 9n vy ° " Aaa ¥ o & v Ay
aenwves llsunsuiglddesmsmuammnangavealynniu q Tasfmdunariigls
Y o a s = ¥ o
apammautlasnninaumsagiasnansveanis lsunsudadu sanlaseaienanisznou
o v A o o 4 4 o
lidre dwlsdadule Manduiaguszasd uazaumstouly uaasasgl 2.3
® w1y 3 (data file editing area) waasluadruvesnihandmiudoudoyah
I @ 1 { o a 4 v A I o
Wududsarnei damlslugiveanasnd (matix) Tasdoyamariiazidudoyanisiinan
{ ° o o ' 4 o {
(input) NgniEenlFlumsmmnuannmdaludiuveluaalva uaasasgln 2.4
Y
®  WNwIaY 4 (setting file editing area) naAludIUVOIHTANTIMTUNMIA
' a Jd A 9 o o Ao A 1
MWNImesA1e 9 vo llsunsumaldlumsmuiummneunangave syl iy ms
2 1] 1 o [} so’ . . g‘J 1
91091981 (time)  AIAHMUIBAIINTT (memory)  TIUIUNITIUE (iteration)  LASNIIAIA

9an0354 (algorithm) N1Flumsmuimmimaoy naaeasgli 2.5
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® ey 5 (outline view) uaasludrnvosnihaediuazilinege (outline)
4 14 2 4 4 ] 1 1 a 4
vodTuaa IWd adr IWauazisaaslild e lddieremssunuazasaaeuamnsiimes lu

FIUAN 9 VoI 1ATIU

® 110V 6 (solution log area) uaAsludInvesntaamasuiTUsunsy

aAaA

o ] o . . {
fuaa lailusineunanga (optimal solution) veslywisaunlUdwaasdymanylu

FTUINMIAMUIUNIANDY

[E) *test MSMRvsCPLEX_casel.mod 2 - [Z test MSMRvsCPLEX casel.dat | (@ test. MSMRvsCPLEX casel.0ps =g
T R AR KA KRR KA KRR K KA A RA KRR KRR KRR AR AR RARRRKRAKAK ~
2 * OPL 12.2 Model
3 * Buthor: survi_000
4 * Creation Date: Feb 19, 2015 at $:00:01 AM
5 KKK TR A A A AR AR I KA KR A AKX XRRAKIRRRARIHKRRRK [

“Tint nbTP=...;
8range TP=1..nbTP;
Sint nbRN=...:
1l0range RN=1..nbRN;
12float p[TP][RN]=...;
13float Nmnr=4;
14float pt=le-13; //treshold -100 dBm
lédvar int s[TP]1[RN] in 0..1; //s[TP][RN]=1 if TP is install to RN
17dvar int c[RN] in 0..1;
20maximize
21 sum(i in TP,J in RN} (s[i][j]1*p[1]1[]]):
22
23
24subject to
: sum(j in RN) c[j]==Nmnr;
t2: forall(j in RN) forall (i in TP) s[i]l[jl<=c[il:
: forall (i in TP) sum (J in RN) s[i][J]>=4;
4: forall(j in RN) forall (i in TP) s[i][J1*(p[i]1[J1-pt)>=0;
v

3 1/ 2.3 model file editing area



{& Solution pool
{& Solution polishing
4 (= Barrier
& General
& Limits
4 (= Network v

*test MSMRvsCPLEX_casel.mod f@ *test MSMRvsCPLEX_casel.dat 53 - (G test_ MSMRvsCPLEX casel.0ps ] =g
1,/kt*\kt*\k*i**i*kt**k***i**i*kt*kk***i**i*kk*kt* A
2 * OPL 12.2 Data
3 * Buthor: survi_000
4 * Creation Date: Feb 19, 2015 at 9:00:01 AM
5 'k'k*‘k'k*‘k*k‘X*k‘k"(**‘k'k*‘k*k**k*********k**k*******f’
EnbTP=25;
TnbRN=7;
8
Sp=[[187.56B82364 87.82864906 28.74875427 74.16002951 33.37022633 19.56951913 22.02994232]
10[341.9758128 242.9287761 91.67592249 101.9553331 B84.57323459 47.20998305 30.05778983]
11[197.7809353 307.182%847 164.1984%27 85.6171214 B81.36648203 63.76207562 33.18116561]
12[86.47610382 223.4488835 288.6777767 38.47225348 77.45359303 77.84776177 43.61574734]
13[42.8837318 83.55330275 167.5799¢ 21.595729685 38.935121% 61.34996855 18.86718602]
14[270.7516333 ©0.25848352 37.73882013 175.1159838 92.83194385 35.50637925 €0.94506581]
15[479.6410013 323.5358494 96.14733414 355.17766%1 181.4751396 92.35855706 74.74563723]
16[279.320596 745.2632742 330.0606311 157.8366349 243.5364202 204.2566792 95.60581149]
171104.8498596 25B8.3461686 687.2415668 B85.36382693 154.4334579 289.0255696 56.25970733]
18[39.7991236 ©4.45590812 340.3884431 29.2237947 B81.48508668 198.0861336 50.19576355]
15[200.1134618 ©0.02544219 26.92604816 285.9348777 82.2064%585 41.82502289 80.769109¢€]
20[320.3679102 195.7330145 70.46054396 731.3435552 287.1748216 129.49593% 228.671881]
21[193.1450191 285.075061 206.5B8€09752 265.1742484 782.4454301 358.0371397 268.2671242]
221[97.94503715 164.7004023 282.8399414 88.66837378 255.6324459 759.043518 170.8176648]
23[35.23154455 80.85113984 212.6482652 41.50954586 115.1304736 267.6549%09 €8.62318714]
24[75.63242792 46.13364126 21.69616653 196.4567703 95.73735526 30.6B8314209 107.9638795]
25[114.1312028 ©7.67791145 36.36328889 268.23877 187.9205446 90.389594077 247.13%0147]
26[66.42455917 86.2550385%9 93.85335278 185.2736361 319.8503%78 206.832242%9 €58.4652206]
27[64.91260445 67.08584477 104.1630591 84.94348652 147.3227284 280.9484852 250.4654536]
28[20.3860974 39.85358822 96.54812401 27.62820491 82.129318 214.45745961 94.78666015]
25[33.40092197 22.91821656 16.658%0957 850.46614521 40.3%437245 16.97787718 90.39554304]
30[30.49863854 31.10102557 32.18431068 104.5008345 79.82202657 45.68680105 219.3864062] A
'
= ..
3 17 2.4 data file editing area
*test MSMRvsCPLEX _case1.mod f@ *test MSMRvsCPLEX _casel.dat ﬁ.’a test_ MSMRvsCPLEX casel.ops &2 =8
' parameter description filter Mathematical programming / General
4 = Mathematical programm ~
Advanced start switch Standard advanced start v
© Conflicts Computation time reporting Wall clock time v
& Emphasis
&) Feasopt Algorithm for continuous problems Automatic ~
© Preprocessing Algorithm for continuous quadratic optimization Automatic v
&) Read
&) Tune Global default thread count 0
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Input static parameters: @ , Max_noimprove, CT .y, CTin» RSS, A
Initialize CT =CT,

A, STP, candidates, dummy

floor?

Max,, =N, iter =0, count _noimprove = 0

max
Calculate initial number of RNs //3.3.2.1
Determine initial location of RNs //3.3.2.2
Check constraints //3.3.3.1
Check criteria increase number of RN //3.3.3.2
Evaluate cost = O(S) //3.3.3.4
While CT > CT;, do //3.3.3.9
While iter < MaX;, do //3.33.9

Generate new assignment Sy, from S //3.3.3.5

Check constraints //3.3.3.1

Evaluate cost,,, = O(S, o) //3.3.3.6

Calculate Acost = cost - cost,,, //3.3.3.7

If Acost < 0 then

count _noimprove =0

S= Snew
COSt = COSt,q,,
Else
count _noimprove + +
If (count _noimprove > Max_noimprove) then End SA process
_ Acost
Else Ifrandom [0,1] <e CT //3.3.3.8
S= Snew
cost = COSt,
End If
End If
iter ++
End While
iter =0
CT =¢CT
Max;
MaXier = Her
End While

v 9
517 3.2 Pseudo code YpaUNALAMIMIHUASILNINAAAL TUAB DI MTUTTDUTZ YA MU

U

”l%}ﬁWEJﬂ"IEJGLu?J”Iﬂﬁ“I’iﬂWEJGIQ{H (MSMR-SA)




41

330 | deyacudu

(o= e e e e e e e = e = =

3.3.2.1 ‘ Fmsiuau RNs Sudu ‘

i
: |
!

3322 fvuasuisEudaie RN ‘

Aumsunisl

dniufAns RN

3332

ATINABUNSINTT

33341 asaedauioul

s RN

Anuailandumsyssidiune
3333

3.3.3.4 | 9Ind1uiusazdtuiefiaga

= *, ) '
A 5
RNs Fifmun W RN LazATANARILHALY

]

3335 | Aundwmisedeuiin

FuAnds RN Aifiy

P dnsusiads AN
33.3.6
3338 N .
manieuwisy
e Objective Function
x<P, Fhh A
AndAs
Yes
L wiswiumisinda RN
3.3.39
No ATINABY

neuFimsviegn

FUIUAZ T ILIFANA

)
RNs fmanzaudian

v 9
519 3.3 unumumsihnuveunatiamsmmuadurtisaan Tuas 9B d M UTZUUI2Y

U

duma 15 menielusiamsvalesu (MSMR-SA)



42

A' < 1 o ) v o
3.3.1 Yoyadudu (Initial data) 1udeyandeuldnuszumivenszuueziir sy
9

v Y Y v
TUADUMIMITIUIU TUAS D INHIINDIUNTENIMHUAS LN UIAAA I TUAS 19D NN Tl

9 [

v Y .
ngadmsuszuuszydnisFmenelueoimsnatesu nelditenludeiinanis q veq

) 4 9 ¥ )
Ty Faveyaizuauiuilszneualy
! 9 o Ay Yo . . ST
3.3.1.1 ﬂ1ﬂ’313JLGU3J"llENﬁﬂJUﬂJU1m1/IUlﬂﬂJ (Received signal strength: RSS) Wuaiau
F

9y o

Wudyaangenaaeudyaunnyaluiuilduimsvesszunszydumislasunnlua

[T

Yy a ' Y 2 v o oA a 2 Yy ayny
RENGN IﬂﬂﬂTﬂ?TNlﬂlﬂJﬁﬂJﬂﬂJ’]mu%gllﬂll"ﬁnﬂnﬂ@]”lllﬁﬂ\?ﬂﬁ'lﬂ']iﬂ@ﬂ@\‘iiuﬂ@”l\?i’)\?hlf’]

dy Adq ¥ a o o Li’ A A Y a
33.1.2 AU INUNNIAUTMS  (Ageor ) dM5VVUIAVOINUNR A YT U
k4 9 4

< A A ' ' A A ' g
21115920 TZTINUVUIAVBINUN NI UADEI91Y IﬂEWH‘D1ﬂﬂ1‘i‘i’JiJ“11u1ﬂW‘1!‘ﬂGluu¢m$“1)’u

9 aa 9
AAYTSUIU 2 UA (NI x 819)

£ 4 - av 3
33.13 wvwanuiaseunquuesluadedlaedszmm  (4,) luamiseily
gilnsalfuasdynalfaenunInggIu IEEE 802.15.4 (ZigBee) U4 FreeScale MC13224 ju
3 43l ARM7TDM (Hugiiszunana Mdedegegawiniy +1.7dBm Tasiliszozasoungu
Y o A o

@ { 2 g [ 4 v @
Uszana 35 was udaensgili 3.4 Fuiludeanuduwusszrinanududyanansuldny

FLYZNNIINNTIAVI

RSS measured from the real environment

RSS from RNs with F-antenna and locates on the same floor
+ RSS from RNs with F-antenna and locates on the different floor

RSS from RNs with SMA-antenna and locates on the same floor

+ RSS from RNs with SMA-antenna and locates on the different floor

o7 szezasouaquuaaluadeda ]
Tasszana

5 10 15 20 25 30 35 40

distance (m)

9 @

{ v o ' o { o v A
317 3.4 doyannuduniusseninanududyananiu ldnuszeznennmsiania



43

IN5282ATOUAQUUDY IUAD19D9 Taelszuna luamnsnszdruauiie
&’ A Yy a Aa ¥ v v A Y
Wuﬂﬂﬁﬂﬂﬂquﬂlﬂﬂiuﬂf]']\if)\Wlﬁﬂﬁ\i@Qﬂ151u91ﬂ13ulﬂ IHDNINTANTINLINADULLATAITY
o 9 X A o Y Y a L]
G]f‘U“lf’éJuéUfN“WuﬂﬂWﬂﬁlu@WﬂWiﬂ11?‘?"111!1@?]if]Uﬂijll"ll’é]QIMﬂ@WﬂﬂﬁuliJlﬂugﬂ’J\‘lﬂﬁll M
a a c’dy Y o dy A Y a I = ~ o
’J‘wmuwu‘ﬁu”l@ﬂmuwuumwummauaqmﬂﬂuﬂmﬁmTﬂﬂﬂizmmlﬂugﬂamaauuﬁmm

A o dy A 9 = = Y] [ dy
qﬁlﬂ‘ﬂ 3.5 mmmmuuummumwuwmauaqm'1@@113J1/1t]‘1gg]m1w1/1ﬂﬂiamu

A =2r? (3.1)

9
[ Y

A 4 Yy a ° v
\‘IHHGULHQWHﬂﬂi@ﬂﬂquﬂl@\‘liuﬂ@N@\‘lIﬂﬁlﬂi%uWﬂ!ﬁﬁﬂiﬂﬂWH’)ﬂﬂﬂ

AuANNIN (3.1)



44

[

3.3.1.4 UIULASHAAY 1ANATDUN YUY (Signal test point: STP) IANANDU

Y A 1o A Adq Y a AaAv A @ Y Ao Y
nanutznszneogninuinlvuinms uJuWﬂﬂ‘w“lm@m1mmmmm}m}1mmu”lﬂmﬂiuﬂ

U

d

NQ\i!W@ﬂiNlﬂu§1uﬂJfJﬂJﬁﬂl‘]§ﬁTﬁ‘iU3 ‘1J‘1J‘L‘1Jﬁ1ll°l‘i1!ﬁﬂ1flil!’éﬂﬂﬁ

'
1A

9 v
33.1.5 ii’m’muaxwﬂﬂGﬁl,mummmmmmiumﬁ”nm"lﬁ’ (Candidates) AunUan

I P a ¥ Yy a g AAq ¥ a ) @ o ]
vl Idnansodaas Tuadedalununnlnus msdmsuszuuszydumnianielueins

o

Aa o [l 1 1 Aa g’; a &l 1 I
33.1.6  dinadudai luausoaadeluasiedaneluinuinlad  (dummy) 13u
o oA a g’; Y a &’ AAdq ¥ a Y 1 o oA g o A
e luauseaaasluasrealununnvusnis 1a wu dunusiitutuleavse
° V AaA nm o A a ¥ Yy a I Y
Aurentaweed limingfivzanas Tuaseos fudu

v
a

3.3.2 TuauMIUsTINUIMIMIAZAMHUIAAAIIHAD 19D AT NAY (Phase 1)

' o 9

Ao 9 Y ) D, R o
mimdmiumuu mlayjaﬁuwﬂan"lﬁ“lum% 3.3.1 LAWY ATUUNINT
) d’ o 9 a A 9 o ) v A a 3’, 9 a d‘ EY
ﬂ13mu’;mrw@mmu’;uiuﬂmmmmuuazmwuﬂmuwum‘mwﬂu@mdmmaiﬂumi
o v a ¥ Y a A ) @ o ' 9 y
'HWHLLWING]@Wl\ﬂu@@'N@\WILWII'I%’ﬁiJﬁ'lW‘i‘]Ji%UU‘iZuﬁ'lu'ﬂu\ﬂiﬁ?ﬂﬂ'lﬂi‘l!fﬂﬂ'liWa'IEJGb'uEl,u

g‘/ 1
Tuaouao 11

3.3.2.1 muasiu Tuadadasudu

° Yy a A 9 I ° Yy a
miﬂizmmmmuiuﬂmwuimu nJumsﬂsgmmmmuiuﬂmﬂm

A ' 1 ) A o A A4 Y A ' g Y
Liil@]uf]ﬂ’]\ﬁ']ﬂ LA UNITN (3.2) IﬂﬂmujmMﬂwu“lm/lslﬁmmﬁclmmaz%umimamum

ﬁyuﬁﬂ’iﬂﬂﬂQ3J“UENTuﬂngaﬁLLZ%IJﬂﬂ!fT‘]Jfﬂo1u3u1uﬂ51@5@1?;13%?{1!@1@8@1143%“8%@@
Kaemarungsi K. (2005) «'f%muzﬁﬁnwiamwma1Jé’f'mmmms‘lﬁ’%’uﬁ’mmmeehaﬁ’@& 4 Tua
miwmimwwums@mameﬂu@mqmammmw iR DR AN AR
Taefisafivesrenanie 35 was gamofz 185w Tuadredesuduiladudumi s udy
TunstumdumisiaasTuadredsiimuzaudmivszunszydumiamelueimsnaiy

Fuao

A A A
Ninitial = ( ﬂ;rorl + f;):rz + ﬂAO:)rg +---JX Ng (3.2)



45

Taef Nipia 79 911U TuAs 9895 UAY

9 [

A X dqy a o ' 1 g
Afloor o Wuﬂalﬁ‘uimiﬁmi‘U‘iz‘U‘U'izfl_qlmlmuﬂmmawu
a X 4 Y Aa
Ar o wu‘i/lﬂiﬂﬂﬂqumﬂﬂuﬂmﬂmTﬂﬂ‘ﬂizmm

N, a0 suiuluasiedeiganadoudyyiuainisnsy
doyana'ld (91091798 Kaemarungsi K. (2005) tugi 1l

p819Ti08 4 Tua)

v 9
3.3.22 ﬂﬂ/iuﬂ@“hllfﬁu\‘]Lih@]@@]ﬂjuﬂg%‘i’ﬂﬂ

o o

v A a & Y Aa o 9 Yo o
ﬂ'l'ﬁﬂ'l‘ﬁuﬂ9’]HLW1!QLiﬂJ@]@ﬂQIuﬂﬂ’N@ﬂ%Hﬂu@]ﬂ\?llﬂiﬂﬂ'luﬂu"ll’f)ﬁjuﬂ

Yy a 2 g9 o 9 Y Y o o AW Y o o '\ Y ax A g & .
E’JNﬂﬁ!iﬂ@]u‘luﬂﬁﬂlﬂﬂ@uﬁuulﬁ31!15]11!31!‘1/]llﬂiJ”lﬂ"lWL!ﬂ@]"lLLﬁuQﬂ’JfJ’J‘ﬁQU‘V\IE’)?&J (Uniform

' '
a A A

o Ao ° ] Y a A @ o PR Y Y
placement) "IN‘JJE’Iﬂymg@nlWiLNIuﬂ@’]\1@\17]61]”1@]5ﬂ1!1@8ﬂ’]ﬁ“ﬂ1ﬁlﬂu1uﬂ@1QﬂQ15NWULW@

Do
b.

Glﬁid o 1A g Y o v a & Y a a o o & Y a
%Lﬂu@nllﬁu%iu@um@ﬂﬂqﬁﬂuqﬁ']ﬁulﬁ1!\1@ﬂGNIuﬂ@TQ@\1ﬂlﬁuqzﬁﬂﬁ']ﬁiﬂwulﬂelﬁﬂﬁfni‘ﬂ

9
wmmﬂumumum“lﬂ

v v
a v A Y

333 ﬁi'fuﬂiz)um‘m1ﬁ‘hmuiuﬂ51ﬁaﬁgﬁﬂwmmw‘inmﬂmﬂmﬂmmzaumﬂ?ﬁmmu

90131809 (Phase 2)

]
S A o

9
) v < o a [
ﬂﬁ'g‘U'Juﬂ’lﬁ"VlWQ'IHGluﬁ'Juﬁ!ﬂuﬂ’liﬂ’lﬂWU'ﬁquﬂéﬁﬁ’E'NCI/] WIINDHUAS AT UN

a & Y a A s & a A Hdq 9 a Y 9 ’q 9
@W’WNIuﬂ’E_]'N'E_]\31/]H’T1]']3ﬁilﬂiauﬂquﬂﬁ‘ﬂﬂﬂﬁlﬁmm@ﬂWﬂﬂiﬂﬂiﬂ']i N'Ji]flhlﬂﬂi$ﬁ!ﬂ@51"]5ﬂ'ﬁ@ﬂ

U

de

90UT1804 (Simulated Annealing: SA) Tumsaumidaeudmsutymil Tudegiuiins 1473

] (%

9
§138ANNINNIY DINLFU IFNTAUNIAIAOUAIBATABANDI N (Greedy Algorithm) NMTAUH

AMAOUAIIOANDI NUNUFNTTN (Genetic  Algorithm) N1THIANHNIZNFAVOINGUOYAIN

1 o

(Particle  Swarm Optimization) g N0 NUNITDUBBUIIADY (Simulated  Annealing
. iy o 1 g oy A ao Ayy { a v
Algorithm : SA) 118A31 B uund 2 Wudu Faluauddeil ldanlateednyIzmsdum

9
%

MaouMuzauigadmiudymimsiivuadunisaaas Tuadede imedmsuszuy
v Y [
seydwmianelueimsnaresuillagldoanes iunisouseuiiany HoanINNTZUIUNG
as 1 o 9 1 1Y av dyL:' Y ﬂ'g’J
wMsevuseuTIaoud lnhetazminenguulymvesnuiteunlszneualy Manasu
o 4 A = & axy o A Yo Aa 9 1
Jagiszasdnazaumstonly Fuilunadsuilai Idsvanutiounn lumsudidyrinisman
v 4
IMZNFAIFIN1TIA (combinatorial optimization problem) IABOANDI NUN1TOUDOUTIADIL

] Aan 9 A =2~ ° ? . .
L‘]Juﬂm‘ﬁmﬁﬂuwamammmawww (local search) ¥IUNTLUIUNTNINIULUUIUN (iterative)



46

a

A g A ' P v oA A A 9
enuramaslufsglinamasliGesq auniieg lawadninnels Tassuanmamasisudu
9
o @ a 1 o Y 4
MIMIUVBIaNeI NUNMTOUBIUTIABINUIZADIAIUUH WA AATYOINTZVIUNITOL
' . & g & a 1 A q yy v A
90U (anncaling) FuiuduasUMTARgUUYTTzHINMsaey Tanzield 1 Tanz Neglu
= = A 9 9y @ a4 o~ ' = a '
annziminziga e li 1a Tanzmtien Tunls1z Taelinsnrugugungivesnisousou
< [ v a J kY o = dy Y o [ Yo @
Wumsdsummndmesmsaumimaovvesszuy dluauil IdihwSulddmsons
9 9
Mruadmisaaas Tuadededmsuszunszydmnia §amentelueinsnatesu Tag
9
dunidaa TuadedalapiunlSeumiouaniuz TaginvesInseadelans uazluns
Y o ! ] A ' v S a A
AumdumialninnSsumieuaniuz Inuvedlnssainlansnumsangungiadses o
Y 1 a 4 1 1 4
EeUmsMhNuuIUUIUSIANeUAUNTADY 9 AAAUHHNAUTOY 9 5HINNTOUBOU D
Ay A 3 A a = A o 4 Ao dya
limanusidesmsneiluTanziudawazmiler nfsouaioniagiseainvosnuitetiae
HATINVRIMANNIT Ty ugganganadeudygn lasuanTuadieds Tunszuaums
o 9 o o 1 9 a [] @ A o 1 9 A
MU sasdineuvesdiunia luas1eea InilasnmsdsunlasudunuaTuao1ao
o < v Aa 1 o o ] Aa 1A 1 4
agiiu nzlidaduleiazeensudumianisieluad s ninm 1dnse lu Feliinuainis

F)
Y] o 1 a ] [ ara 4 1 1
fJfJ‘JJ'i‘]JGI"ILmLNI‘L!ﬂgNfN1ﬁuﬁTﬂEJfo'TEJﬂ’NﬂJ;%:mﬂﬂﬁ31JTtlﬂﬁ‘ﬂN‘V‘Iﬁﬂﬁizﬁ’)"lﬂﬂ"lﬁﬂllﬂﬂu

= @ 9 ] Y A 1 19 1 ] o Y ] 3 2 A
"‘]Nﬁ]gEJ'OSJiUIﬂﬁ\iﬁi'l\ﬂWiJ!ﬁil@ﬂ'lﬂﬂ'ﬂ LD ULYN ﬂmimzﬁJa:uiumﬂ@mmummﬂumum

Acost

ES _ 1 4 o [
ulsagungluaziulugduny e o nanl3luaumsih G dwmsunsaidynilu

Y
v A

a < [ ] o [ a P o 1
J1HIYU ﬂﬁiﬂﬂﬂ'ﬂﬂ'ﬂ’ﬂzEJ'EJllﬁTJGI'ILLWu\‘]ﬂ’]i'J'NIu@g%‘]ﬂ\ialﬂuﬁw']hlﬁllﬁﬂﬂ i%HGIWLLﬁUQﬂWi

9 v
MiTuadvelminuldammasmvesmanuussdyaugegaannyanadoudyniai 145y

{ g’./d' 1 9 9 '

a a 1 A @ ] <
ﬂ’]ﬂiu@%ﬁﬂﬂﬂﬁgﬂ@]@ﬁ UATUINNI Llﬁﬂ’lllﬂ’lu’f]ﬂﬂj’lli'm$ﬂ@ﬂiﬂﬂ?ﬂiﬁﬂ?’]ﬂuqﬂglﬂuslu

[ = 1Y 4 v A a Y 9 1 YR
ANHUSLIAYINY ﬁnﬂlﬂm“ﬂﬂﬁ@ﬂﬁuclﬁ]ﬁ"m"liﬂﬂ‘ﬁﬂ?ﬂjﬁlﬂlﬂﬁ]\ﬂﬂllﬂ’ﬂ TuszozisnuoansIu

[
a a A

3 A 3 a A v o ' v Y 1
51 (LN@Qﬂ!WﬂNﬁQ) ﬂi]%llIi’)ﬂ"lﬁiJ”lﬂV]Li”lEJmJTJJ@]”ILL‘H‘LNﬂTi’JNIHﬂ@N’OQVITﬁﬂTWai’mﬂl@ﬁﬂT

Rl G

g-}ldl 9

anuussdyaageganganadeudyn s 1d5ua1n Tuadedeignaadsiiniiooniilddie

[ ] LY q Y

[
A o

9 H Y ] ,
GlLl‘VINﬂflllﬂi‘li%ﬂ%ﬂl@\iﬂﬁﬁl‘l"m‘ﬁiﬂﬂ%u (Lﬁagmwmm) 1519200 US VA UINITI9 TUA

@

g1oen ldawasauvesmanuusidyaagigannianadeudyanui lasuanTuad s

A a g a0 F 1 tg A Y ¥ 2 A = Aa g =
NYNAAGINATUBYNINYINVULIDY) FANIYNITIUGIVSAUFALNDDIQUUYULIYU U

Y
%

I's o W a Y o 9 [ Aa KR 1 o = =
’E)\‘lﬂ‘ﬂﬁgﬂ?J‘IJﬁWﬂtTgﬂlfNO‘Eﬂﬁﬂuﬁi?‘lWW}‘Uﬂ’Jﬂi’)aﬂi’)iV]iJﬂ”Ii’f)iJ@’f)uma’fNﬂJ N

v

o aulsnlFiumminey

Y
a %

Aa o dy 9 a = g a < 1 o A
TuanuIeilswasnund ¢ Fuiuwainvuia J 1Un15AUAIAIADUYDINITIADN
gunusdmsuaanal

9 a 1 A 4 a 3 1 A Y a1 g
UAD NN IﬂﬁJLW]ﬁgaaluu@ﬂ]@\uuﬁﬁﬂlﬂﬂﬂ'l 0o 1 ﬂmmgﬂu 1



47

= A a g‘; Y a Ao 1 . Y A 3 = 1A a g’/ Yy Aa
1PN Lﬁ@ﬂﬂﬂﬁ\ﬂuﬂ@%‘lE)\WIGIHL‘H‘HQ] tazolAlu 0 9 HueDg uliJLﬁfJﬂ@lﬂ@NIUﬂfJN@ﬂ
A o 1 Y ] ] I a aA ¢ =
NAUVI UL j 913081915 W C = [00011001] Iﬂfl C WWuAINIDIVUIA 8 DAUUA FIULAAINIT

N a ?z’z Yy a o A a 3’1 Yy a ~
1RENAAAT TUADINDY 3 ANUe Ao Anadluad1eoen C, C; uag C

® M5199ANSOLBU (Annealing schedule)

i
o w

@ ' A 4 3 o X o ' o
@]']5']\1%ﬂﬂ']i@U@@uajW'15'1111@]@iﬁﬁ']ﬂmllaglﬂu@]j%jﬂﬂ'li']\‘]ﬂ']if)ﬂf)@uuua@

9

a X I a s I { o o 1A
gl (Temperature: CT) FudumrsnlwosnaruauanuiullIdnzeonivmaonInun

v
a [

(] L) o A a a d'dy 9 o @ a
uﬂﬂ'nmmmuﬂi]@uumaqmwguaﬂ@1m ”lummuwuﬁuhls?ﬂ%mmauwu‘ﬁmmmﬂmﬁiu
9y
ﬂ”lii]ﬂ@]”IiNﬂ”l3’f)‘]Ji’J?Jusllﬂﬂﬂaﬂﬂiﬁllﬂﬁﬂﬁ’ﬂﬂuﬁia’fNﬁ"l‘Vii']Jﬂ”liﬁ”lﬁuﬂﬁﬂlﬁu\i@ﬂ@]\‘liuﬂ
9 H 1]
grvsdmsuszunszydunis¥menelueimsnatesu uaasluaunish (3.3) 1iesan
I a Jd ' = a A AN Yo a
L‘]Jl!ﬁ"fllﬂﬁﬂﬂ!ﬁﬁ?ﬁ@]i@ﬂ”lﬁ1EJLLﬁZﬂﬂizﬁ%‘ﬁﬂWWﬂ]lﬂuHﬁui’ﬂﬂﬂ Costa et al. (1993) UNNY
1 a 4 . o g‘/ o 1 a o
2 UADARININNITINADS 0} GTNi]"Iu’Juﬂi\iﬂ15%1!??1?11@]9“11!“@]@3@@1!%{] Qﬂﬂ”lﬁi!ﬂiﬂﬂ
A A1 A g o ¥ v ° Ao
qun1sn (3.4) TﬂEJ‘V]FI”Ilill@]‘L!Gll’fNi]"I“L!’JHﬂiQﬂ”liﬂl!ﬁ”lﬂW]i’]UQﬂ?jﬂ (MaX;e, ) 1D ITUIUVD

a

Y a ~ g’/ o ]
Tuaopanaaas luszuusEyanL

CT =¢CT (3.3)

M aXiter

MaXiter = (34)

{ < ' 4 1 a
MnauMsh (3.3) uag (3.4) szrnld Wenawuly guugl (cT) 92l
] Y ]

AAAAATIVIUMTAUHINIAOVFIFA (Maxy,, ) TAUNVIY 1Hip99 QAN (CT ) anad

d A A A 2 v o P I ) 7
szupnvzlidesmuuinyuuazszsouiumaeuluunannmmeeuagiumniu Tag

A A v ° < v 9 o Ao A K
msndounfumIMasUNIZgIMImIneUNAN AN

v
g

® 611uﬂE)umiﬁ1mmlmnﬁzuaumﬁauéﬂuﬁmm

) A g9 ' ° o a s Y Ao g
VHUADULIUAUUDINITSUIUNITIDUDDUINND Tﬂmz‘uuﬁ]zi‘}JW”ﬁ”ﬁJL@]@’iljuﬁuﬂanu

' 9 H
paggnimualinunszuumsnauiiemdumiimsaans luadedsimnzand msy
Y 9 Y 9

5$‘U‘U3$1Jﬁ']l!ﬁu\1ﬂ1811!@1?]']51(7?]']8651! mﬂuuimmazﬂiﬁmiﬁ}umﬁummmmiuﬂgﬂm

A o [l ' a 2 2 g o ) 2 o v a & Y a @
%zumuwuﬂwu (Snew) INAYY "])'QL’]JHG]1!&1’71«!\1“]]1\1!;?’1EJ\‘]EU’EN@nllﬁuﬂ@]ﬂ@]ﬂjuﬂﬂ”lﬂﬂﬂﬂﬂﬂﬂu S
9 9
JuasuasuAen1slsziiunifiaouvesdnisaanluasieoelui (s,) nazin

s 9
nFeuieunummasuvesdumisaani Tuadvalagiiu () immasuueIdmLIAan



48

9 a ] = 1 J o o T Aa g‘; 9 a ] o ]
Tuao19091n (s )3Jf‘ﬂll1ﬂﬂ’?ﬂf‘ﬂﬂ1@@Uﬂl@ﬂﬁ1llﬁu\1ﬁﬂﬁ\1IuﬂﬂNfNﬂ‘ﬂi]‘Uu (S) MLNU

new

a g’z Yy a Ig’/ o I o [ =Y g’; Y Aa o A 9
@lﬂ@lﬂjuﬂ@N@\ﬂ‘ﬁMHu%3Qﬂﬁl@lli‘ﬂl!a$ﬂaﬁllﬂuﬁnﬂ’iu\i@]ﬂﬁﬂiuﬂ@ﬂﬂﬁﬂ%“gﬂu NINININ

9
1 o o 1T A % a 1 o 1 I 1
mmaouvesdmrtsaans Tuas1soelui (s, ) gneeususleanuiiezilu (p,) na1n13lu

new

~ ° v a ¥ Y Aa vy g I o v a g Yy a @
aun1sn (3.11) mtmmmmiuﬂmﬁmﬁlﬁnuuﬂ%ﬂa181Lﬂumlmmﬁﬂmiuﬂm\imﬂ%ﬂuu
(U

aAa 9 '

MINIUANRUNYL FuuInguuglisuduszliagaazaziintaamauiion1sdunm

o o A A = o a g Ao o 9 ° =2
ﬂ1ﬁﬂﬂﬂ1luullﬂliﬂfl 9 T@EliJfﬂi°]JiTJ’Qﬂ!WQ1]1/!ﬂﬂ5\1Wﬂ1u3uﬂi\1ﬂ1iﬂuﬁ1ﬂ1ﬁﬂﬂﬂﬁﬂﬂqqq@

g Y o ~

a < o A J o 4 o
U YUNDUUUN LLﬁ%ﬂﬁﬂu‘mﬂmaUﬂ%mmuﬁlﬁ)klﬂﬂﬂﬂi%ﬂﬂﬁ%ﬂ&l“ﬂﬂﬁﬁgﬂﬂ ﬁlﬂ'lﬂuﬂll

Q U

e

a

A (=] [ 1 o d' FY 91:::3 . A Q:a 1
e lulimsiUsvlgesmanoun1A1480  (Max_noimprove) v3oquugiaiainiigumnyil

U

=

) H Y v
aga (CT,,) Miviua 13 naastuasumsauvenszuiumsouseuiiaoenagili 3.2 &

min

S v

= g’J o t:' tiy
31921PIATUADUNTINNUVOUH AN 2 WA

3.33.1 ﬂﬁ@]'ﬁ’)%ﬁ@ﬂﬁ@uqﬂl

< o Y a Ayy ° Yy a
!‘l]uﬂTiG]'i'ZlEﬂfff’E')‘U%TL!'Jquﬂf)N@ﬁ“ﬂulﬂﬂWﬂfﬂiﬂi%111&!%11!’31!11!@@1\1@\1

a2 9 v 9 1 Ao Y = o [ dy A A Y a
Lill@]l!cluﬂﬂ"ll’t) 332 ammmuiuﬂmmwLwENwamwmwuwﬂwmmﬂuawmzu

o ' ¥ ' v A ¥ A VY g
@]’lllﬁu\‘]ﬂ'lflslu@'lﬂ']ﬁﬁﬁ'lﬂcb'ul!ﬁg@Qﬂ’]ﬂﬁl@]l\ifluul"llmﬂﬂﬂﬂluw'lﬂﬂ"llf)ﬂﬁ@llll ﬂ’llﬂuvlﬂ@]'lﬂ

q
Y

A 9 o Y a A g 9~ o o A Adq Y a

N'é]uU]fU‘VJﬂ"Uf]llﬁﬂ\?')'m'luﬂuT’L!ﬂ’fﬂ\i’ENL‘ilIGluLWU\?WE]’GT'I“H%"UWuﬂﬂiﬁﬂiﬂ'ﬁiui%ﬂﬂi%u
o 1 3’; "9 (X~ 4 A o 9 a v Y
muwmmaiummwmwu Lmﬂ11111ﬂﬂ89‘]i’)ﬂﬁ'ﬁ)ﬂLﬂm"lﬂﬂ']iLWiJ%'Iu'Jquﬂ@WQ'ENGluW’)"Uf]

[

[ ¥ Y 9
3.3.3.2 a0 1 Fadoulvvosdmsumsmnuadimisnani luagradaliaatl

333.1.1  Woulvdmsumsiudsznuguaimvesmssudayyinain
Muranadeudgyyiunuluas1evs Tashdumiaiinsnageudyyia i 92 1450
U Yy a Y A [ ' o Ao Y Y a A v
dyanunnTuad1edsj 1a WeszavvesmanuussdyaansuldenTuadeddinigani

n’d’ o (% d'
IOUNNOHUA (threshold) UAAIAITUNITN (3.5)

S;(F,—P)=0 VieT,VjeR (3.5)

[

33.3.12 Qeulvdmsumsmnuasivivvesduanandmianaaoy
Y

99

Y i F0gNILTNIUYeI0IMTIzAed IS UdyauaInTuad1edsj ad1eios N, Tua Tag

d
N, BAUMNY 4 Tua uaaIaaadunsi (3.6)



49

DS =N VieT (3.6)

VjeR

[ o

33.3.1.3 [oulvdmiumsdimuans ldsudyaruainTuadieds Taoh

[

H v
dunmiamageudynin i vzdedlasudyaruainTuadnosj fldgniaenaaas 13 uszy

g 9

HAAIAITNNITN (3.7)

S. <c, VieT,VjeR (3.7)

A o o vy a Aq Y a g’/ dy A
333.14  SoulymsimuaiiuauTuadiedsildlunmsdaasluiui
Idusmsdmiuszuuszyfuniazdeslisiuaumnuiiuiu Tuad1edeiifioans nangag

aunsn (3.8)

Z:CJ-:Ns (3.8)

= ) [ Y] o A 9 [ @ 1
°]5\3ﬁTViTUfﬁJﬂ”li')@]f;ll]ﬁgﬁ\jﬂllagﬁilﬂ1§!\3f‘]uhl"llulﬂu‘ll\1@]')l;!f]_]§@1q 9
3 oA ' o ' o o a ' o ' AR A
@@ﬂlﬂu 3 NauNo ﬂ@ﬂl%@]%@ﬂ@]’;&tﬂi ﬂqum@\i@]ﬁllﬂiﬁﬂﬁuclﬂ !Lagﬂqu""ﬂ\iﬁjllﬂjﬂ]ﬂﬂcﬂ NP

Y
518aReaaIn0 1l

AuaInls :
A o ' Y a a a 3}/ A [} 9
R fo wavesdiunua Tuas1aananinaaaa luasevie 1a

o VoA g (3
T v waveshunusniluganagoudyg o

alsaaaule :
A % v A d' A a g‘/ 9 a = | 1 [ d‘ A a g’z

Cj fo ﬁﬁllﬂi@]ﬂﬁuﬁl%‘ﬂEﬂzla@ﬂﬁﬂﬁiiuﬂ’fﬂiﬂﬁ UAUNMNUY 1 1o Laﬂﬂﬁﬂﬁ\ﬂuﬂ
ﬂJad'o T A A T A = dag'a alqd'o v,
DWAINAUNUIJ 1150 UAUNINU O Lll’E)hlllllﬂTiLﬂ’E]ﬂﬁﬂﬁ\‘]Iuﬂ@N’ENVIGHLmuQ]

Tagn jeR

'
A o !

Sij fe dwlsdadula Hawmdu 1 e yanaaeudyanaiidmmi ;i denfy

o
[

dayanan Tuaseoeid e uazlisuninu o eyanadeudyaui

D]

o ' A o o Y a Ao 1 A . .
AULHEUN illula@ﬂﬁﬂ iy)iy1mﬂ1ﬂ1uﬂﬂ1ﬂﬂﬂﬂ@nuwu3]‘ Iﬂfﬁ/] 1eT, J € R



50

o .o
awlsanan :
P

A 1 [ d' (2 d' o 1 . v Y 9 a d'
i A9 ANNVUIITYYIUNIANATDUATYYIUNAUNTU 51Jl1ﬂ§]1ﬂ1uﬂ@1\1@\11/]

Aunuej Iaef ieT,jeR (dBm)

A ' o Ay A A Y Yo o
PT o ﬂ”lﬂ’J”I?JLLi\T"IJ?NﬁQJJﬂuJ”IﬂWIu@EJT]?J@WW]"IGI,W?HM"I'iﬂhlﬂiﬂﬁiluliy"lmﬂ"lﬂIu@

£199414 (dBm)

o)

H v
o U Tuadrdsfisanedmivaaalussuuszydumisiagnielu

Y a

A A Aa
wunlvusmsnnsa

4 A o 9 a
3.3.3.2 A5 UNUNNTHNNIIUIU 1UAD1909
o @ 4 A o a a A )
FMTUNMTATINAOUNUNM TN YT 11U TUAD19DIDZ NI T AU UNUTIUIU
a 4 o ' a A 1A IR 4 o o °
TuadrevenasiiadruaTuaseoausuau lumeanoda limudeu ladrmsunmsnivua
a 2 Yy a A o v P A o Yy a v o
AaaaTuad190a NIz aunInua la TagmnamnsmusiuiuTuasieoses lananiludaa
v A a a u'dy o Sld' =~ ' A o
gaguly Tasludnertinususivuanarlin 3 wnlumsasrvnasinsmusiuiulua
9 a 9 o o 9 a Y] [ o ] d' 1 d'
91999 a1nsumruanatiiuau Tuasedsdigiu luamsomdumisiiuceu lvues

9
a 4

g va ° 2 Yy a o o v a2 A Yy A A
ﬂﬂJﬁ’]m\iﬁNﬂ"lﬂﬂﬁ]gﬂ']ﬂ'ﬁ!,W?JIuﬂ@’]\Tf’]ﬂllﬁgﬂ']ﬁuﬂ@lTLLﬁuQﬁﬂ@QﬁN@]ﬂﬂﬂIuﬂﬂ’]\itﬂlwu
M

(33.33) uag1d iasunainmuuaszyiimssumdmualnidmsuaane Tuad1994

(3.3.3.5) a0 1l

' ] k4 H '
3.3.3.3 tin TuadedaazMruad s uAaaa Tuad 1o sy
° 1 f ° A o Yy a °
My ludiutiszinmamuiiuluedngs 1 Tuanaziivua
o v A a & Y o Y a o A 2 Y 1 ° o Yy a & <
anriisuaaadlinuTuadaamuIudIens quias M UaTILIU TuAd 1B INI NI
Yy a o Y A Yo Y a I - |
Tuaddaagiu antwiie ldsmauluadedsdagiuimuauTomalunisasiaou

A ] < dﬂg Y
Nauulﬁumumlmﬁlmma

o Jd v a o [ v a ¥ a {
3334 ﬂ'lu'ﬂmﬂ\iﬂ‘]fTJﬂ'liﬂ5gllluWafl]']ﬂEl]'lu'JuLla39’]“&?”!\3@@@\111&9\'3’]\1@\1%
Mrua
o ! dy o o o v A a & Y a Ay y

m3%1@1u1uﬁauu%zmmuauuaz@1mwuusummﬂuﬂmwmulﬂ"lﬂ

o [ d o a a v 9 A 1 @ J o
MUIUANINTUMNTUTZINUNE (E]T]'UW?JGI,L!‘HTUE] 3.3.3.6) LW@WTﬂTﬂWﬂ?ﬂQﬂigﬁﬂﬂ AMUIU
o (=Y g’/ Yy a dy o Y I o o 1T A g’/ Yy a )
!La$@]']Ufl/iu\‘l@]ﬂ@]\1I‘Llﬂf)”l\iﬂ\?ﬂEﬂgQﬂﬂ’lﬁuﬂch"i!‘]_]‘L!'i]WH'JULL'G3ﬁ?klﬁuﬂ@]ﬂ@]ﬁiu@ﬂ"lﬂﬂﬂﬂﬂﬂﬂu

1 Y
o ldlumsmidumia Inidmsuaaas Tuadradeas 11l



51

9
3.3.3.5 aumidunue i dmsuanda Tuag1989 (Move operator)
I an A o ] ] A o ] Aa ) ]
Wudtmsidendwnuslvilasdasunindunuaanlddedumia

o o 1 . <
ufes Tagiivualasaad19ueedmmniad1aufes (Neighborhood structure) 1Hugiunuaes

T A

o [] { [] o ] a I Aana % ] ] o c’;’/
muwmﬁagiau 9 AUNUBANY DY 3 UA 9NA08191FY ﬂ13ﬁjuﬂ1ﬂ1llﬂuﬂﬁﬂﬁﬁiuﬂ

Y a &/ A 2 A Y [ ] 1 o o a ¥
1999 luNuNoIMTia oYY Llﬁﬂﬁﬁlugﬂﬂ 3.6 uazmsaumauridlvudvsuaaaslua

v
a a Al

A ' ° ' A a 1 [ o 1 I
5}1\1@\1 !511"l]”lﬂﬂ"ﬁqu@n!lﬁuﬂsllﬂQiuﬂé}"N@Qlﬂllﬁﬁﬂgn!lﬁUQ inﬂ@]hlllﬁuﬂju@éﬁﬂﬂﬂﬂﬁuhlﬁ}ﬂ

Q

o 1 é o [ ) = an FY a g‘; o [ ) = S 1 9 g}/
gmmsguriisiumiaiufsayy 3 TaveTuagedaiy Taedwrtsufsangu Idiy
) 30' @ o ) a a g}l o o o ) v X o )
wae lidnumave i Tuad v uay mniwhmsadudiny Fedmmiaes
Tuadredelniuaasdsgli 3.7 vzgnasae lasraaentou ludeimuavelym 33.3.1)

9 [ A < o 9 o ] 1 o o a ¥ Y a ¥a
fnulilWWUN@uvlsUsllﬂﬁﬁﬂJW']ﬂﬂgﬂ']ﬂwﬁﬂu‘ﬁ’]@n!lﬁuqclﬁuﬁ'lﬂiﬂﬁﬂﬁﬂIu@@’]\iﬂ\‘]glﬂﬂﬂ

3rd Floor
(:’ @ Q 2" Floor Fumisinsslundidadaqiy

AU AN T0ARRAY
Tundnadald

‘]J‘I?l 3.6 LLE‘Tﬂ\1If’]iﬂﬁ'iN5116\1ﬁ'ILL‘VI‘L!\'19]ﬂGNT‘LlﬂﬂNE]QEUNL?]ENGluWHTIO'IﬂﬁWﬁ'IEJ%H



52

3" Floor

C dunisinaslundnBatagiu

gt Sl oy
it adssRaunToRAna
Tungnadals

’ .
o o .
|‘ " mwuaﬂma’mmiqu

3" Floor

2™ Floor

dl A o 1 " o v A g’; 9 a
q5"]J°VI 3.7 ugasmsaena i lvud1msuaaas Tuao1999

Jd v a . .
3.3.3.6 WanT¥UM5Usztiuma (Evaluation function)

I a oA o [ a )
Wuaumsagiamaninlddmsvdsadummaevveslanm Iasrzaum

{ s Y s A A

Maouiiangaionsussing sz (Objective) voada 18 FesagUszasmiudad
o 4 o J 1 1 1 1

Tamdesmsnalasfumslszdiuma oveninglsyasdveslymndesmamfiuniiga

. . A oA Y A A . a a (dyd [ o A ~
(Maximize) 130 AINUBDINGA (Minimize) Iﬂﬂglu’(]‘ﬂEJ”I‘IJ‘WH‘ﬁuMﬁiJﬂﬁ’NlQﬂi%ﬁQﬂ!Wﬂ‘Vﬁ]%

ApamsmgeiigavenasInAInNuusIdyananiganyanadoudyaalasunnTua

'
a a

v a ¥ 9 a Y A - 7 o a
mﬂm‘vmﬂ@]ﬂmuaﬂuizuu WYULNUAWTUNITN (3.9) uazilﬁﬂﬂ%umiﬂizmuwauﬁﬂﬂu

Y

v
=

qaunN1IN (3.10)

M
aximize Zr\yjaé((s (3.9)
VieT
Zmax(su : (3.10)

VieT



53

= Jdo v I 1A
3.3.3.7 ﬂﬁ!,‘i_'d"iil‘ﬂlﬂﬂElﬂﬁﬁﬂ“ﬁuﬂﬂi}ﬂ‘izﬁﬂﬂﬂﬂ’ﬂlﬂu

° 1 dy ° =\ 1 v @ 4 o v
ma‘mqmmumzmminﬁwmsmmﬁ@ﬂ%umqﬂﬁzmﬂmmmgmm
F

Y a Y] [ 1 v W 4 o 1T A g’u Y a VoA
@WNIuﬂ’Eﬂ\i@\iﬂﬂ%UHﬂ°1Jﬂ1ﬁ\‘]ﬂ‘Iﬂnﬂqﬂigﬁ\iﬂellf]\‘l@nl!‘ﬁuﬁﬁﬂﬁﬁiuﬂ@WﬂﬂﬁiﬂNW‘If]“l/ﬂ

q

)

|Q?x’/ Qlad' [

Y] J o PR 1T A a a o'dyd ¢ o
1!,!,141.!\1@19]@]\1Iuﬂﬁ)Nﬂdﬂi“ﬁﬂ1ﬁ\1ﬂ%u’N}Qﬂi$ﬁﬁﬂ‘ﬂﬂﬂ’)uﬂi] Glmmmwu‘ﬁunﬂm%u

3,

[

s A 9 A ~ L. o & 9 o 7
’N]ﬂ‘]J'58ﬁﬂﬂlW@ﬁﬂﬁﬂ1§ﬁ1ﬂ1ﬂM1ﬂﬂﬁﬂ (Maximize) muummﬁq BUI Glﬂﬂi“’ﬁ\iﬂ"ll’é)\i

a ] ]

9
9‘?1LL‘ViLNG]ﬂfv'l\1Iuﬂ5}1ﬂﬂﬁiﬁuﬁﬂ1ﬁ}ﬂﬂﬂﬁ1ﬂ1ﬁﬁﬂ%u?ﬁﬂ‘ﬂi oaan @QGHLL‘WL!WMGNIL!@’ONE’N

v a 1 I 1 v W J o T a o
‘]ji]’i]‘]_l‘L!ﬂi]$ﬂﬂWfl]Tiiu1ﬁ}iﬂﬂiiﬂu1ﬂglﬂu@]@1ﬂ Lmamw‘ihﬂ%m@mﬂszmﬂmmmgmmmm

Q

Qe

a

I“Llﬂ’t’]N’t’]Qiﬁhﬂﬂ?ﬂ?ﬂ’ﬂﬂ?ﬁﬁﬂﬂfﬂ’)@mﬂi fNﬂ"ll@Qﬁ]LLWHQ@]ﬂﬁQTHﬂ@g}TQSQﬂﬁ]% ﬂ%zlﬂﬁﬂu

A g

v Y
@i’ummmmTuﬂmqm"lwmﬂuﬁumuﬂuﬂmqmﬂ%fguuLwaﬂum@i’mwmﬁ?ﬁumﬂﬂ

' <3 .
3.3.3.8 AU U (Probability)

1T A gl.l =

A S @ 4 ° Y a
mamﬂqﬂ%umgﬂimaﬂmmmgmuqmmﬂuﬂmmﬂwwmuﬂﬂmm

o o J o v a & a v < ' <
Wanduingiszasnvesdmmnisanns Tuasievefagiunazdesldnriuuinziulunis
v Aa A [ @ ° 1 A g’/ Y A A 1 1 ] I ) Y
mﬁu%m@mmzﬂ@mum!,mumﬂmiuﬂmmﬂwnma"lm Tﬂﬂmmmm%mﬂummm%

A = v A o ° (=Y g}; ) a [~ A A

NFUNIIN (3.11) GINﬂ?i@]ﬂﬁuiﬂﬂzfJ’f)iJS’]Jgl1LWI1!\WI@WIQiuﬂ@”lﬂﬂﬂﬂlﬁuﬂ@]@m@ﬁﬂﬂ']iﬂ
I a I Aa 1Y) o (=Y 2’, Aa [l { o 1T A 2’,

(3.12) SITRER ‘5’1L°1Ju%Nﬂ%ﬂ@mmummmmTu@é’naﬂwmm%ﬂﬁﬂumgmmmmiuﬂ

1 aaX

Y Aa [N o 1 y A o A v o
fJNfNGlmJL‘lJummeTu%nmﬂ%ﬁguu!,W’t)ﬂummuwuwmmm"lﬂ

Acost

P =e CT (3.11)

x<P (3.12)

a

{ ' 1 Jd o a
Taeh Acost ﬁﬂ AMWaN1UININFUMIUseiiiuma

a

argiiagliuvednIsouoou

U

=)
]
.

CT 1

9
1 d' 9 1 a 14 =
3] ﬂm"lﬂmﬂmiqmmuguwaiu 0991

o))t

X

3.3.3.9 !ﬂﬂl"ﬁﬂ"ﬁ‘l’i‘c’m (stopping criteria)

3 A 0 W Y} Y ° Y & ¢
!‘ﬂuN@uvlﬂJﬁTﬂﬁﬂﬂﬂﬂﬂM1W5$Uﬂﬁﬂﬂﬂﬁﬂu‘ﬁﬁﬂ'm@‘u m;ﬂu"lﬂmummm

[J

MMUATSVUIS ﬁﬂﬂﬂ1iﬂuﬁ1ﬂ1ﬁ@ﬂllﬁ ﬂWG]fJ‘iJﬁﬁ]ﬁ]Uule’éJ\‘l@ﬁﬂﬂiﬂiJﬂ13®ﬂﬂ@u%1a@\‘lﬂ%w

=h.

S

iumaeuvestlymi sndediaunuainisvigasu ”hmmﬁﬂ'?uﬂgqmﬁmaw"lﬂ“lﬁmu 100

a 1w ' a o 4 4 { o o
QﬂWﬁﬂHﬂWﬁﬂﬁ@ﬂu ﬂ?Qﬂ!?‘iQNﬁﬂ@nlﬂuﬂuﬂ mamﬁauﬁiumwmmaumu 1000 39

]
A A 4

o = o ) g Y o Y ' a o 9 Y
nJu AU Gﬁﬂclux‘ﬂu’mﬂuLﬁﬂﬂi%Lﬂm“ﬂﬂWiﬂq@fﬂiﬂu“l’ﬂﬂW]E)Uﬂ’)flﬂ?@lmﬁghaﬂﬁﬂémslﬂaf]quJ

o}
aflge



Y Y é’ % Y

! o g’/ 9 o ~ (=} [ " o ~ Y
374 ﬂﬂWHﬁuﬂiﬂﬂ1ﬁﬂuﬁ1ﬂ1@]@ﬂ‘ﬂVlllllﬂTiﬂiUﬂ?Qﬂ1ﬂ1ﬂﬂ‘U‘ﬂllﬂalﬁﬂellun ATINITAUNN

v 1 A

Annonu 08191ABE19INIIFIMLNEAIN FZHgANTEUAIUMTAUNIToliA1guglana 1d
Yy 7 A 12 o "o Ay vq ya X [ v a 1 o & Y a
Indgudnse lulinmsdivljsmdmeunlalnadu n aseimsaumAaaoni Favglaesuie

s1eazealuriiveas i

a d a d o
34 m‘nmmmﬁmnmmmmmn‘szmum‘muéaumaaa

9
Wmsmruaduriaaai Tuaddsdmivszunseydwmia §menelueiasvaie

g ' o . . ' a Jd {2
%uﬁ’aaﬂizmumiamaumam (Simulated Annealing: SA) flﬂTV‘ﬂﬁWNLﬂﬂﬁﬂWﬂ\‘iﬁL‘iMﬁ}uﬂN

a

v o ' ° a 4
q MherteenunszuIuMseusausiastllsznonlide guugligega (CT,,, ) Wisiimes

U 1) q

e

[ Y o

{ < v o a A X o { '
Q ‘ﬁnJu ’JﬂTﬁuﬂﬂ'liaﬂaQGII’E'NQﬂ!WQﬁJ!Lagﬂ']iLW?J%'HGU@\‘I%WH'JH?]iﬂﬂWﬁﬂuﬁWﬂ’l@l@Uﬁl!@lag

a e 4 { o L) o '
UMY %ﬂﬂ\‘] Lﬂmmmiﬁﬂﬂﬁzﬂumﬂmuﬂmﬁwqﬂﬁ}ummﬂaummﬂix“ﬂaumﬁ’a‘uaau

E]

v A a

o o o g 9 3 A 1 [ 1
1N UUAD JUNYUAIFA (CThin) Llaz%TL!']uﬂiﬂﬂWiﬂuWWﬂWﬂ@‘UﬂllﬂJllfni’l]i‘U’l]';:\‘]ﬂ1

C)

o ydda! . = v 9 dy ) A o a d a 4 ' dy
ﬂ1ﬁ@ﬂ1ﬁﬂﬂlu (Max_noimprove) G]Niu‘ﬁ’)ﬂl@uuuﬁu@LﬂEJ’JﬂUﬂWi’JLﬂiW%WﬂWWWiWMLGIfJiLT‘iaWU

el lumsnaasariivenis o ae'll

o d
34.1 ﬂ1§ﬂ1ﬁuﬂﬁ1w1§1ﬁ!ﬂf’)5

a Y

Y
1 a [ 1 a g 1 a
Tugrutiozedu1edamsmnuAAIMTINADTA 9 15U QUNYIETUAY (CT,y,)
a J Ao o [ Y o A =) @ 1
NWITIWNDT @ YUNHNAITA (CThin) LL@%‘ﬂWlJ’JuﬂiﬁﬂWiﬂu‘Vﬂﬂ1@@‘U“VluliJiJﬂWi“lJ‘i‘U’l]';:\iﬂ1

o Y 42' .
Maou1¥AYY (Max_noimprove)

a Y d'

a I 1 a I () ] <
3.4.1.1 QUUQNGIFA (CTyy) Uyl uauNIudIfMruanINUI9) U

£l U

[ 1 o § A A U o
GU’ENﬂTﬁEl’é]iJi“]JﬂWﬂW@l’é]‘U“ﬁllﬁlﬁ]1ﬂﬂ1iLﬁiJLLﬂulﬂJﬂigﬁ1ﬁj’JElﬂ§$U’Juﬂ13@ﬂ@@uﬁ]1aﬂ\‘l LAl

] I [ Y @ {
FuUMIANNUIIZT U (R) GU’ENfniilf)ll'H'Uﬂ?i!l,ﬂﬂﬂluﬁW]\‘]ﬁiJﬂ1ﬁﬁ (3.9

Y]

3 ' ' ' o o L) g‘/ a
Glflfgij Acost L‘iJuNﬁﬁNi%ﬁ’JNﬂWﬂWIfJ‘UGUfJ\WIHLﬁuQGIﬂGNIUﬂéﬁ\i@\‘]ﬂ‘ﬂ‘ﬂﬂu

q

)}

9 v
(S) NummaoUvemnUIAans Tuas 1o lui (s, ) Funsnguugiidagiuzlisguugl

U

a v

9999 (CT =CT,,,) TaoNaguugigega (CT,,) 1anngeszezmssumdinouiszauy

A ¥ = ] I o £y A A o o1 A g
Qﬂlﬁ{]111!1!!,!,?133Jﬂ'ﬂllL!1%$L1J°L!"'IJi’Nﬂ"liElﬂlli‘Uﬂ"liuﬂﬂigW”IT]LLEJTIEI@]']J?%?J”I'[MW]1ﬂ1]ﬂ1!§1|9]1!

1 3 A [ Y v & J
anuiezdunazeonuM ATy (P, ) $9HU MQUUQREIA (CTpy) T11130H1

U U q

Tannaumsn (3.13)



55

Acost
= = (3.13)
mex In(F)a_initial)

) . 1 1A ' I { o
Kirkpatrick S. (1984) Ttaue 1331 smisuduanuiiezuiszeeusums
Y A A 3 = A @ Y A I v
uATYM (P, ) B30A1G9 DAzl Tomaganazeeniunmsudifanniaugninlumsdum
o 1 9 d' o Yq Y 1 1T W a o dy Y o 1
mnouredu Tasiwmush il P, . v 0.8 TuanudveiisIdnaassdimuanm
Py migal INANTIAY 0.3 0.5 182 0.8 FUKAZANLAIHANTTNUADNTAUNIAIADUVYBING
Y v
mMruadmiIAaas Tuadedsdmsuszuuszydumis ¥aenelueimsnaloru
Taean Acost N1Fluaumsh (3.13) a2 ldnnmsmiuia Acost Tuseauaig
9 9 ] v H
q Tagluduusnazyimsdsaiummneuvesdurisnnnd luad1ev s udu Tuiaesazih

'
a

9
ﬂ1ﬁ1@]®ﬂ"ll®\1@hl!ﬁu\1@lﬂﬁ\‘]Iuﬂ’Ea]}Nleﬁngjuﬂﬂllﬁ'El‘UL“ﬁEI‘Uﬂ‘UﬂWiW]’EJ‘UGUENG‘],WLLWH\‘ITHWE?N’EN

LY 9 o !

' % Y o Ay v =3 ' Y J A 1
Glﬂll‘lQﬂ 9 ﬂiﬂﬂTﬁﬂuﬁWﬂW]ﬂﬁJﬂﬂ,ﬂUuﬂﬂVlfJ gNNIVYIIAT Acost >0 HAINIAURAYUDIA

a

v 2 { a3 1 o 1
Acost I(HaTuUu ﬁ18ﬁ§ﬂl31ﬂﬂzqﬁjﬂ1qmﬁﬂhﬁﬂﬁ (CThax) 1INNITATIUINAT Acost LAY

U U q

Py e VHANMIN (3.13)

3.4.12 dwmfuamnniimes ¢ gﬂu@‘i’uﬁmu@miaﬂawmqmwgﬁuazﬂmﬁwﬁu
éumﬁmauﬂ%zqmiﬁ’umﬁmauﬁ'u@iazqmwgﬁ Tags1laviin1snaaos 4 nsdifoe
AMTABT o IMITY 0.3 0.5 0.7 1Y 0.9 FIAAZAILFINANTZNUARBNTZUIUNITOUBO
ﬂ"mawmmifi’muﬂﬁnmﬂqaﬂg’ﬂuﬂéjn5@?71%%"mzumzuﬁmmh"1%’?{1891811;@1?115
nanesu

3.4.13 naimsngadmiunsiimuadunisiena Tuadredsdmussunsey
sﬁumﬂﬂ%’mfmmiumﬂﬁwamq‘?uﬁmmcl%’qmﬁgﬁﬁwqw (CT,;,) HazsIuATans AU
ﬁma'uﬁ"lu'ﬁﬂﬁﬂﬁ"ﬂﬂgqmﬁmaﬂﬁ'ﬁﬁu (Max_noimprove) $alumsnaasaiis Idimuas
qmwgﬁﬁwqﬂ CT,, 195 0.01 nazimualdai Max_noimprove fanarstudmiuuaas
AMNIIRBT ¢ 10T Py i

X A
3.4.2 NUNMINAAD

]
v IS

a a a A o ' o
Tunisdnynlsz@aniamvesmsiimesndrdn i ldnanudsduvesiinua
o v a ¥ Yy a o o o 1 9 ¥ ya g A
@1ummmmTuﬂmqmmmmzumzumgmm”lsmﬂmﬂ‘lummiwmﬂﬁvu hlﬂWﬁniilﬂ‘WUTl
A A a o = a X A = g g
N1INAADI 2 NUN W Nﬁ??‘ﬂﬂTﬁﬂLﬂﬂIMIﬂﬂgiuﬁ NUNNAGDIN 1 DI1ATUITTUFT 3 FU (YU

d‘ = j’ d' 1 g) 1 % = 1 a
Nn12uag3) HywavesiuNuaazsu laedszanaiminy 35x35 A1519INAT U5 ETH19U0INTA



56

IMNY 4 1WAT (grid spacing 4x4 m2) Tsmuifailanesasud 1ss nnaaziganaaol
11U 188 9ANATDL uﬁmﬁ’qgﬂﬁ' 3 8a-c HUANAADIA 2 01MTININ3T 1 14U 2 4 (U
2 nay 3) Sumevesiundazulasiszinauiify 75x75 MIaeT Hizeziareania
IMINY 4 1WAT (grid spacing 4x4 m2) TS mauiisailanedalsun 668 Wnaazliyanagoy

U 232 yanaaell Haadnegli 3.9a-b

mﬁmiwﬁiudauﬁmﬂzﬁdgﬁuﬁdﬂizaw%ﬂTwmmmiﬁmuﬂﬁnmﬂaﬁﬂg’ﬂu@
5’1@%‘?114%&53umzu@iumufa"l%’manwsl,ummiwaw%uﬁ’mﬁaﬂ@%ﬁnmiaudauﬁmm
SemsdsziiudseaniamiisanmiUsenou ludre narlumsia (run time) V03
N3ZUIUNTOANDI NUNTOUBOUTINEY HAazA1veINenTU T T2 @A (objective function)

{ < o Ao U a s
ﬁ’lll’ﬁiJﬂ’lﬁﬁ (3.9) !‘]Ju@l'J%'JﬂWﬁﬂigﬂﬂﬂl@\iﬂ1w151llm@5@EJ1\1LW3J1$ﬁlI

0 |0 |5 |10 |15 |20 |25 |30 I35

|30

|25

~ £ 4 = 2
g"ﬂ‘ﬂ 3.8a UFAANINUNNITNADDIN 1 BINITUITIUAITVU 1



57

135

|30

|25

|20

l15

J10

9
%

v
=

¥ i
A A

+E5 EEESIESS] + 651 + +
B SNESESY 0SS i
INNNN i SNNY | ANNY NN

SSesE b

o€l se| oz| ST or|

517 3.8b LAAINUNMTNAADIN 1 DIMTUTTUATFU 2

U

4l ol

135

|30

|25

|20

J10 J15

15
1 7'77 + p
i " |
zaz

n |0
o |
- |

o

o1|

of

P
U

]
=

[
=3

&
N 3.8c LAAINUNNITNAADIN 1 DIATUITTUFITVU 3

594

U



o 5 10 15 200 25| 30| 35 40 45 50| 5§ 60| 65| 719 75
S HOE B3 553 A A i iR
i [ mEnm | B |l
5
— e v I "
= | 2nd Floor |
o B | C-Buiding | fEE
| | R

~ & 4 = a 3
E‘lJ“VI 3.9a LFAINUNNITNAQDIN 2 DIATIVINITTU 2

of 5 10f 15| 20 25| 30 35 40| 45 50| 55 60|

65| 79

75|

75|

HE

O] [T

[

s

—}

LT

3rd Floor |

C - Building

Raunkall

1

15| 20 25| 30| 35| 40| 45 50| 55 60 65| 7O

Sy

I.__

5| 10

< &4 < a 3
gﬂ‘l/l 3.9b HAAIWUNNITNAADIN 2 DIATIBINITHU 3

58



59

3.4.3 WamMInaaoy

9
wamimamﬁummuwmmmiuﬂé’wmmmfuiwmzumtmm"l%’mﬂmﬂslu
9 4 1 v
’EﬂﬂﬁﬁQWEJ‘ISLW%}’JElﬂizﬂ’luﬂﬁf]ﬂ@@uiﬁﬁ@\‘] uaadluasian 3.1 uag 3.2 G?\‘iﬂWﬁLLﬁﬂﬂﬁlu
9 H v
@n’a‘nuflﬁ'mmmﬂammmu 10 ﬂiqw%’@mummmmmmaa (Average) sasANDeuUY
.. Jou o I ] I v J
119537 (Standard Deviation) maqﬁQﬂ%umqﬂizmﬂuwmmﬂuuﬂmm (nWatt) (1az13a1
o A . ] 3 a = [ <
TumsMaURaY (Average run time) H11201UIUIN (second) NnramInaassdaunamivla

1 1 { 4 3 1 1 Jo o J { g}./ [
Narlumsediinisla'lan (highlighy  uaasldimunaensuinglseastindoniuiia

] v v
A A =

[ ! o ! g 4 v
Glﬂf?lllﬁfJ\‘iﬂUﬂ?ﬂW]?JTJVI@VI?IS"’WIIISES])’\]Tﬂﬂ1§ﬂﬂﬁ@ﬁiulmﬁgwu1ﬁﬂﬁﬂﬂﬁﬂﬂ HAZHANITINADDIN
¥ I = A a v ° A Y a ° Aaa 3 .
Llﬁﬂ\islﬁ!,ﬁi‘lﬂfiﬂ5Zﬁ'ﬂ‘ﬁﬂ?‘l/‘lﬂTiﬂ‘lﬁ/ﬂﬂW’lﬂﬂﬂiﬂﬁlﬂﬂﬂﬂ]ﬁ@ﬂ%ﬂﬂq@ (near optimal solution)
Yo Yy a A a < &l A Y a ) o ) 1 9
Llﬁghlﬂ‘t]TU'JUIu@]?JN@QVILWfNW’E)ﬂﬁﬂﬂﬂﬁj3J‘VI’JWHVITWUiﬂTiﬁ”I”Vi'i‘]Ji%ﬂﬂizuﬁTlLﬁuﬁqiﬁTﬂ
da' d' d‘ A o [ da' d' d‘ v
maiummswummsmaam 10D 8 Tummz 12 IuﬂﬁTﬁiUWH‘ﬂﬂTi‘ﬂﬂﬁ@\‘lﬂ 2 ANOAIUYY

Y Y
1Faduaulumsaumaasumaniu



{ a d o ] o - { {
M350 3.1 MmImuquInmesdmsumIaumdaeulunuinmaasi 1

60

9 =03 @ =05
Max Cost Avg. run time Max Cost Avg. run time
Pa_init statistic Pa_init statistic
noimprove (nWatt) (sec) noimprove (nWatt) (sec)

0.3 50 avg 30.02 8 0.3 50 avg 30.37 7

stdv 0.73 2 stdv 0.42 2

100 avg 30.45 7 100 avg 30.23 10

stdv 0.35 1 stdv 0.49 2

150 avg 30.38 9 150 avg 30.34 8

stdv 0.27 2 stdv 0.42 1

200 avg 30.26 11 200 avg 30.55 16

stdv 0.54 2 stdv 0.36 3

250 avg 30.48 11 250 avg 30.76 12

stdv 0.45 3 stdv 0.27 3

0.5 50 avg 30.23 6 0.5 50 avg 29.96 8

stdv 0.66 1 stdv 0.61 1

100 avg 30.46 8 100 avg 30.33 8

stdv 0.34 2 stdv 0.50 2

150 avg 30.55 8 150 avg 30.31 10

stdv 0.35 1 stdv 0.55 2

200 avg 30.49 11 200 avg 30.62 13

stdv 0.34 2 stdv 0.25 3

250 avg 30.43 13 250 avg 30.39 11

stdv 0.33 3 stdv 0.56 2

0.8 100 avg 30.46 8 0.8 100 avg 30.41 9

stdv 0.44 2 stdv 0.25 2

200 avg 30.47 11 200 avg 30.68 13

stdv 0.48 2 stdv 0.29 4

300 avg 30.64 17 300 avg 30.57 18

stdv 0.41 4 stdv 0.32 4

400 avg 30.48 18 400 avg 30.73 19

stdv 0.43 4 stdv 0.25 5

500 avg 30.60 23 500 avg 30.80 19

stdv 0.32 11 stdv 0.15 3

1000 avg 30.36 31 1000 avg 30.65 24

stdv 0.45 9 stdv 0.38 6

1500 avg 30.42 39 1500 avg 30.52 39

stdv 0.27 15 stdv 0.43 13

2000 avg 30.50 38 2000 avg 30.67 49

stdv 0.42 6 stdv 0.23 27
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~ a d o o Y o &’ A ~ 1
I NN 3.1 ﬂTiﬂ'J‘]JﬂiJWTiHJLﬁ@ﬁﬁﬁ’i’ﬁ‘Ufn'iﬂuﬁWﬂW]’ﬂ‘UﬁluWH‘ﬂﬂWi‘ﬂﬂﬁ@Qﬂ 1(919)

@ =0.7 9 =09
Max Objective fn. Avg. run time Max Objective fn. Avg. run time
Pa_init statistic Pa_init statistic
noimprove (nWatt) (sec) noimprove (nWatt) (sec)

0.3 50 avg 30.01 6 0.3 50 avg 30.39 8

stdv 0.59 2 stdv 0.43 2

100 avg 30.48 11 100 avg 30.55 10

stdv 0.39 2 stdv 0.36 3

150 avg 30.60 10 150 avg 30.50 11

stdv 0.33 3 stdv 0.28 3

200 avg 30.46 12 200 avg 30.41 11

stdv 0.37 3 stdv 0.48 4

250 avg 30.67 14 250 avg 30.19 13

stdv 0.22 3 stdv 0.56 3

0.5 50 avg 30.25 8 0.5 50 avg 30.43 9

stdv 0.46 3 stdv 0.52 1

100 avg 30.40 9 100 avg 30.43 11

stdv 0.42 2 stdv 0.40 2

150 avg 30.59 12 150 avg 30.47 10

stdv 0.30 3 stdv 0.34 2

200 avg 30.61 10 200 avg 30.41 13

stdv 0.24 2 stdv 0.45 3

250 avg 30.28 11 250 avg 30.30 14

stdv 0.30 2 stdv 0.51 2

0.8 100 avg 30.57 9 0.8 100 avg 30.73 12

stdv 0.31 2 stdv 0.34 3

200 avg 30.50 14 200 avg 30.64 16

stdv 0.36 3 stdv 0.38 2

300 avg 30.60 17 300 avg 30.72 18

stdv 0.34 3 stdv 0.26 5

400 avg 30.70 17 400 avg 30.71 21

stdv 0.24 3 stdv 0.24 7

500 avg 30.79 19 500 avg 30.75 19

stdv 0.19 4 stdv 0.23 3

1000 avg 30.80 29 1000 avg 30.75 28

stdv 0.13 5 stdv 0.15 7

1500 avg 30.79 34 1500 avg 30.80 37

stdv 0.21 6 stdv 0.18 4

2000 avg 30.70 44 2000 avg 30.88 35

stdv 0.39 7 stdv 0.08 4
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9 =03 @ =05
Max Objective fn. Avg. run time Max Objective fn. Avg. run time
Pa_init statistic Pa_init statistic
noimprove (nWatt) (sec) noimprove (nWatt) (sec)
0.3 50 avg 73.12 11 0.3 50 avg 73.11 12
stdv 1.25 2 stdv 1.79 1
100 avg 74.76 17 100 avg 74.88 19
stdv 1.49 4 stdv 1.29 5
150 avg 74.92 22 150 avg 75.05 24
stdv 1.83 8 stdv 1.08 5
200 avg 75.22 25 200 avg 75.52 27
stdv 1.11 6 stdv 0.50 6
250 avg 75.41 26 250 avg 75.72 31
stdv 0.68 5 stdv 0.81 7
0.5 50 avg 73.65 12 0.5 50 avg 74.89 15
stdv 1.68 2 stdv 0.84 2
100 avg 74.99 19 100 avg 74.81 18
stdv 1.25 4 stdv 1.23 2
150 avg 75.85 26 150 avg 75.84 23
stdv 0.56 6 stdv 0.68 5
200 avg 75.26 28 200 avg 75.89 33
stdv 1.51 5 stdv 0.42 8
250 avg 75.61 27 250 avg 75.75 28
stdv 0.67 5 stdv 0.98 7
0.8 100 avg 75.27 23 0.8 100 avg 75.46 21
stdv 0.83 5 stdv 0.76 2
200 avg 75.99 34 200 avg 76.20 34
stdv 0.54 7 stdv 0.69 7
300 avg 76.23 39 300 avg 76.28 45
stdv 0.53 11 stdv 0.69 8
400 avg 76.31 54 400 avg 76.39 54
stdv 0.77 5 stdv 0.39 15
500 avg 76.22 56 500 avg 76.43 65
stdv 0.81 10 stdv 1.07 19
1000 avg 76.59 67 1000 avg 76.67 96
stdv 0.52 10 stdv 0.34 19
1500 avg 76.27 162 1500 avg 76.46 112
stdv 0.77 149 stdv 0.30 20
2000 avg 76.11 198 2000 avg 76.30 199
stdv 0.63 161 stdv 0.71 239
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@ =0.7 9 =09
Max Objective fn. Avg. run time Max Objective fn. Avg. run time
Pa_init statistic Pa_init statistic

noimprove (nWatt) (sec) noimprove (nWatt) (sec)

0.3 50 avg 7425 18 0.3 50 avg 75.08 21

stdv 1.17 3 stdv 0.79 4

100 avg 75.21 21 100 avg 75.84 24

stdv 0.98 4 stdv 0.53 6

150 avg 75.00 28 150 avg 75.88 27

stdv 0.90 6 stdv 0.50 5

200 avg 75.48 41 200 avg 75.70 33

stdv 0.92 9 stdv 0.81 7

250 avg 76.10 49 250 avg 75.84 35

stdv 0.59 10 stdv 0.59 7

0.5 50 avg 74.73 18 0.5 50 avg 74.76 20

stdv 1.04 4 stdv 0.84 4

100 avg 75.36 23 100 avg 75.83 26

stdv 1.01 3 stdv 0.73 6

150 avg 76.10 30 150 avg 75.44 27

stdv 0.57 6 stdv 0.67 4

200 avg 75.81 34 200 avg 75.69 33

stdv 0.59 8 stdv 0.59 8

250 avg 75.94 34 250 avg 76.01 37

stdv 0.69 6 stdv 0.79 9

0.8 100 avg 75.71 30 0.8 100 avg 76.13 30

stdv 0.88 7 stdv 0.59 4

200 avg 75.92 42 200 avg 76.43 53

stdv 0.97 7 stdv 0.37 9

300 avg 76.40 51 300 avg 76.48 57

stdv 0.64 22 stdv 0.49 8

400 avg 76.26 64 400 avg 76.34 65

stdv 0.89 15 stdv 0.39 26

500 avg 76.21 70 500 avg 76.58 70

stdv 0.54 32 stdv 0.39 10

1000 avg 76.62 97 1000 avg 76.57 89

stdv 0.35 30 stdv 0.35 13

1500 avg 76.40 120 1500 avg 76.60 110

stdv 0.38 41 stdv 0.36 33

2000 avg 76.58 162 2000 avg 76.69 133

stdv 0.42 105 stdv 0.27 33
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ATWITINRDT @ NNV 0.9 Tununnisnaaesi 1

Best Worst Avg. Std. Avg. run time
#Max noimprove
(nWatt) (nWatt) (nWatt) (nWatt) (sec)
100 30.96 30.07 30.73 0.34 12
200 30.96 29.82 30.64 0.38 16
300 30.96 30.10 30.72 0.26 18
400 30.96 30.38 30.71 0.24 21
500 30.96 30.34 30.75 0.23 19
1000 30.96 30.52 30.75 0.15 28
1500 30.96 30.61 30.83 0.14 36
2000 30.96 30.75 30.88 0.08 35
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{ 1 Aa A o 1 a I'4 1T @
M350 3.4 uaasmlseanimmmsaummaey Tagliamsdmes Py initiat 1110V 0.8 L1AE

1 a J T W dy A A
AINITINEBT ¢ INMNV 0.9 Tununnmsnaaosi 2

Best Worst Avg. Std. Avg. run time
#Max noimprove

(nWatt) (nWatt) (nWatt) (nWatt) (sec)
100 76.73 75.56 76.13 0.59 30
200 76.77 75.75 76.43 0.37 53
300 76.98 75.53 76.48 0.49 57
400 76.96 75.76 76.34 0.39 65
500 76.94 76.16 76.58 0.39 70
1000 76.91 75.92 76.57 0.35 89
1500 76.98 75.76 76.60 0.36 110
2000 77.01 76.01 76.69 0.27 133

3.4.4 MIMARUAMNINTADSVBINTZLIUNTOVDD U AN UM INHUARIHUIAAA

TuadrsdadmSuszuuszzydumualmameluoimsnaiady

1 o a 4 1 o
ﬁ]”lﬂﬂﬁ‘ﬂﬂﬂi’]\iﬁgﬂllﬁj’ﬂ MIMHUANITINADTVBINTEUIUNTOLOBUTIA0I 11
E Ed Ed
mImuuadurisaan luasdsdmiuszuuszzydwnia ¥ameneluoimsnatesuiu

9 a g A w0 dy 1 a 14 (Y
wldmmsiimesais q Imasae i lumsnaassae 11 wisilwes p, |, 10U 0.8

a_

1 a 4 (Y 1 a o 1 [ Y
AMWITNADT @ (NIND 0.9 MYPUNYUAGA CT ;= 0.01 LaLA1 Max_noimprove 1NN 2000

Rl

¥ ~ o v a ¥ Yy a o ~ ) o A ) o
3 Iﬂf]llgnlﬁ/iuﬂ@ﬂﬁﬂiu@ﬂ”lﬂﬂﬂﬂﬂgﬂﬂ 312 A1MIUDIMITUITTIUTFT LS ETJ‘V] 3.13 41151

21A15IWINT



71

Y -axis (m)

Y -axis (m)

Y -axis (m)

A o 1 a g’/ Y a o o g A A
N 3.12 AUNUIAAAT TUADNBIE NS UNUNNITNARDIN 1

36

1st Floor Library

| | | | | | | |

15 18 21 24 27 30 33 36
X-axis (m)

2nd Floor Library

L 4
;\-.i

=] Cl
e I

24 27 30 33 36
X-axis (m)

3rdd Floor Library

36

T T T T T T T T T

X-axis (m)

RN placement for service area 1

68



Y-axis (m)

Y -axis (m)

3rd Floor C-Building

75k

70H]

65
60

55

50
A5

40 |
35

30 f—
25
20

15

ﬁ

JJI_LLI_IIEJjEﬁ

10F

I i1 )

0

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
X-axis (m)

4th Floor C-Building

751

70H]

65
60 -

55

50
45+

40 1
35n

30 —
25
20

15

E|s=z15!
=

I L] | LL

—

10

0

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
X-axis (m)

RNs placement for service area 2

Ui

=
N

Y 9 v v
3.13 Munuaand Tuadedsd msunuNmsnaanan 2

69



UNH 4

mﬁmamuaﬁmiwﬁwa

z 1 1 o a % a o o 1
mmuawﬂuumﬂauwﬁﬁﬁ"lﬁ'uuaumm’mﬂmmﬂﬁwwmmﬂuﬂmimwuﬂmsmm

Y yqvly 0w

anasTuasede lfmedmsuszuuszydumiianielueins Tagladuausnuifanmsiimua

¢ v

o 1T A % a 9 g‘; é (% é d‘ o [}
@HLL“HU\W]@GNIL!9’01\‘19\‘115?{18ﬂ181u@Wni‘ﬁf;ﬂﬁl“lfu %Qﬂﬁ]%ﬂﬁuﬁﬂﬁ1ﬂﬂﬁl’ﬂﬂ‘igﬂﬂi$u

] Y 9
Aunian1e11e1A15 (Indoor Positioning system: IPS) 11109910 urtaAaad TuaS19891IY
9 a ¥ = g Aq ¥ a I o w ' Y Aa o ' Y
wdesgnanas I lunsnanunldusmatludaunsaneusz 1dusmsszunszydmmial3
Y o voAA a & Y Aa g J v a A o
enoeluoins1a Tagdumisiidonaaas Tuadedaiuzdawaaolsz@nsnimmssiiau
oI5z UVTEYMInelueImssauiianugnasaazauuud lunmsszyduiaiag
A o ' Y = a A J
uazitlosnnszunszydwmvia imeneluoimsarsiidse@ninmeansononTandan
Y Y a o ' [ dy A [ < dy A y a
AvaN13v0eR IR UTMaszuuszydwrilugnanvaziun iz unuiornssune)
9 ' 9 Y H
P1ATHABFY 0ININTVIA THYANNFUFOUNIN ATTUMSHENANUIAAAT TUAS19DN
Y 4 { 1 A Aa A
mzaunsouaguINUtazanyuzjlnuvems iU msuennvzsIemulszansnmn
Y o Y o Y o 1 a9 ) [ dy dy
Tnuszuunardutlumslgnsnensedranuzandndle. dinsuiiom luuniszuaainag
a ¢ & Y o 9 1 Y A a
mMInaaeazInTIziHa Falsznev luareiadonis q Taun 4.1 msnaasunonSoumioy
9 [
Uszaninmmsszydunisdremaianmsimuaswmisaaas Tuadied i Idinaueny
IMALALLLY Uniform Placement 4.2 MstfSouiiiounanisszyduntaiagainms ldgiudoya
! v Aa o o o a J
nldnnmsiassenumsassdyanadie Tsunsy 4.3 msanszianugndesuenssziy
o 1w { a o @ a J o
aunuiagienasand i luadiag 4.4 MIAATITHHANTENDINNMIMUUAAINAZIDEA
9 9 i
srezIvesduMiadonannd Tuadwdaazyanadeudyaaluiuidnyuzae q 4.5

{ a 4 o a o o 1T A g’/ a {
fﬂﬁ‘Vlﬂaf’J\‘]Lﬁ@ﬂlﬂ318ﬁWﬁﬂWiﬁ}uﬁTﬂWQGUﬂlﬂ\i!ﬂﬂuﬂfﬂﬁﬂ'l‘ﬁl!ﬂﬂ?klwuﬂﬂﬂﬂﬂiuﬂéﬁﬂﬂﬂﬁ

e

[

v X e 2
Warnvu luanuietl



71

‘ﬂ' a a o ) o
4.1 ﬂ]‘i‘ﬂﬂ’df’]x‘l!W@!ﬂ%ﬂﬂ!ﬁﬂ‘ﬂﬂiz’sﬁ’lﬁrﬂ]‘wﬂ]iiz‘]alﬂulﬁ‘lii‘l&l’?ﬂ!ﬂﬂuﬂﬂ'l‘iﬂ]?‘i‘ir!ﬂ

MUNUIAAA I UADIIDIN I U N LIMANANUY Uniform Placement

v 9 dy o = Aa A 9 [ o
“lummamzmmnﬂ%umEmwaﬂizﬁmmwmmgﬂ@mquazmwmmummmmsszu
9 '
@i’nmmﬁ”mmﬂuﬂmsﬁmuﬂ@i’ummmmTu@é’nmﬁm"lﬁ'ﬁuauaﬂumﬂummu Uniform
~ o Y Y ax 9 9 I ¢ (2 edyw
PlacementTﬂﬂ%%!‘]ﬁﬂ‘ﬂL‘VIEJ‘]_Iﬂﬁi%u@umuﬂﬁﬁfﬁ]ﬂﬁ‘ﬁﬂﬁ1%§1uﬂ163§,aw\1!ﬂﬂiﬂi‘L!‘V]‘VIllﬂﬁ]”lﬂ
@ a &‘ AA o A I o [ = o 9 a 4
msamsﬂuwumwmmsmam IﬂEJLﬁ’E)ﬂﬂﬂVIﬂﬁ@‘]JL‘]Ju@]”ILLWLNLﬂEJ’Jﬂ‘]Jﬁ”Iu"U@i;I‘ﬁWQLﬂ’E)i‘L]
Qy 4 A 9 o @ U a 14 a 9 a 1 S A
iu%!tﬁxﬂﬂ%ﬂﬁ@ﬂ‘ﬂulﬂVI"Iﬂ"l'i’Jﬂﬂ”lW”li”lﬂJmi’)isll’f)ﬂimﬁﬁ]iﬁ Tﬂﬂ%mﬂumzazmqqﬂamau
I ax ) A v o ] [ A s Aa a 9
L‘ﬂLl’J‘ﬁﬂTSﬂTL!’JmW”IWﬂﬂGI”ILLWLNﬂJi’N’JGIQ LW@L‘]EEJ‘iJWlEJ‘]J‘]JiSﬁ‘VI‘ﬁﬂ”IWﬂ’J”IJJQﬂ@]’ﬂﬂuﬁgﬂ’ﬂll

9
LUUEVDINITDIUNALA

. y
4.1.1 a|unAtazmnimeshlrlumsnaas

msfFeufeunalszaninmanugndsatazanuuuudvesmsseydwmia 1a
Y
MmnsnaaedlueImsussaasveiImedema lulaggauiss i 2 ¥u (2 floor Hag

rd 4” A 1 g A o a v A s L d
3" floor) VUANUNNITNAADIAALFUU TN 35 AT x 35 AT VUuNNadaneIUIun

9 9
v

110 WinauazidonganadeuiiuIu 88 ganadou Muualiuaazsuaaas Tuad198951u 4

4 o @ { a3
Tua (RN1 — RN4) Taafinnugeainiiu 2 was dmuald luadaguse Tuadi lsnusinsw

9 a

Y ] [ 4 1T W a 4 Y 4
"U’é]l‘!a@]@@N’f]Q‘U‘LliflL(’Uullﬁ8Lélﬂ)"f]iJGI’f]ﬂ‘]Jﬂ@MW’Jlﬁﬂiiﬁ}@]uﬂﬁﬂﬂ'lﬂqx‘mWﬂﬁu 0.8 IUAT TIWTD

@

< = 1 Y o ~
NUUUNDAANMVNTYYIUN

[ a = [

Y = 9 Yo \
‘]Jllﬂ‘ﬂﬂ 39UIMN G]i\icluﬂ1§‘ﬂﬂa’é)\‘]ﬂ’lﬁ]UqﬂﬂWﬁu@i$ﬂ$WN"Uﬂﬁ

q

o 1Ay s 2 Jd [ ' ' v . . { f {
duvidalane S uiuaazdmuaiIng 4 was (grid spacing 4x4 m’) 317 4.1a-b nerAIN U

. %‘ a a v A s (L P 3’/
NITNAADY U DIANTUITTUATT Lﬂ%ﬂﬂﬁll1EJ‘]J’Jﬂ%u1N‘L!LmuWﬂ@W\IQLﬂﬂiﬂiuvl‘ﬁ‘fmﬂﬁiJﬂ 110

9
(4

Aa o ~ o 1 Aa ?1’/ k) a = o 1 Aa Y A A
WNA gﬂ‘ﬂ 4.2a-b HAAIAILHUINAAAT TUADIIDY WNANTUAILNUA UM UIAAAL TUADINDIN

a o

Y A A Y o A o Va2 Yy a a 4
m"lﬂmﬂmﬂuﬂmﬁhlﬂmmuﬂ ’Nﬂauﬁummmm}umumﬂmiuﬂmmmuuqm\lam uag

d' o [} ?sz S A a v A 14 Y 4
5UN 4.32-b LaaImILHUINAToUNY 88 99 NMasnnnnnanwnesUsun

U Q



3

i1

=
N

o 15

35

B
5]

+
+

|30

25

s =
B3

OSB3

+ Tt CERERTERSY EERI

mmmmmm =3

a.
il
UG
wny
TP 2|
o |
- B . - Ly
%] £
< O il i i 0 T O
| | |4
+ N 4 + e R |
£ %, : A Az A7
= 2] eZza | Ezzzzza

w o |5 |10 |15 |20 |25 |30 |35
il
4 B . .
(=] { { #
8 I Ty 5 I I
S 1 - =
i ¥ + | +
8 |
a | |
=T
=2
o |
<

a v A s &L J g’/ A . .
b. WnAWNoIUTUNVUFUN 3 (fingerprint 54 points)

&’ A g,/ a v o s &L Jd Aa v
4.1a-b HLAAINWUNNITNAADY YU DIATUITIUANT 2 FU (‘Wﬂﬂ‘i/\lx‘]lﬂﬂiﬂiu% 110 Wn@)

72



|30

@EE@HEQ
QE@ negpaa
=[aREanan
00007,
~RanaaanT
Ry e
20 : [ i@ T
] Bl B
Y| ot e -
o, SRR TUATIBIIUTUT 2
. . TR | LI, S — S A ——

o [ PN g’; 9 a g’/ dl
b. AMNUIAAAT TUADINBILUFUN 3

H H 9 9
FUN 4. 2uaasduriaNAnA TuAS1989 & 9IAITUITUAT 2 FU

73



|30

J25

3
B B9

R ool
= '
el roESEn =99 @

S B B3
_m‘wﬁmﬁﬂm =3

P J|
=
==

J20
N

in _

B i
s | Z

%]
i O w
| 27
o | Y g’/ dl
a. MU UIINYUUFUN 2 (Target 44 point)

w o |5 |10 |15 |20 |25 |30 |35

jomongnad e T
8 | | | £ -

9 ]
b. @i’ummmquu%uﬁ 3 (Target 44 point)

v 9
319 4.3 UMUIINQUBILINTUITUET 2 HU (88 JANATDL)

74



75

d o v
4.1.2 Qﬂﬂimﬁ1ﬂ§u NMINAAN

dmiumsnaasuienadoulszansnmuesszuuszymuniingmelueins

suyvatesu luauidei 1d1detnsaldeans 13 aen1un1asg1u IEEE  802.15.4 (ZigBee)

Q

A

Usznoulidregilnsal 3 ¥fiafio MC13224 Sensor Node MC13224 Network Node l1ag

MC13224-LPN 994 Freescale MC13224 §u# 3 #3i] ARM7TDM (iudilszunana uaaziia

A o w

UMEIaIgaganIny +1.7dBm el sliavea1e91nd 2 iiafo F-antenna (Inverted F-
antenna) 0¥ SMA-antenna (Sub Miniature version “A” connector antenna) Tﬂﬂiuﬂfﬁq%gﬁ

{ a 4 g’; a
idonld MC13224 Sensor  Node vz luadedsazlsznonaloginsaing 3 viia uag

o

mnualigunsaiudsdyana liaennTualiianluguaiu 2.480 GHz (Channel 26)

g g

[ 4% [ [ 9 ~ 9 [ ~ = 4
mivgUnsasudedyana limenldlunminasowaanagli 4.4 nazseazideagingal

09

Do

A ¥ o =1
ﬁ’f)ﬁTilliﬁ”llelﬁﬂ\‘]ﬂWﬂiN‘ﬂ 4.1
Y
- ndmiuAaa TuadnIge 2 AT 11U 8 Al
A A Iy Y ©
- mﬁmﬂaummaﬂumuﬂ (Computer Notebook)
- €18 serial port
1 4 [
- DIUBITIVUIN AA T1UIU 18 fgll’ﬂu

1 14 U 4
- UNUBITIDIU YUIA AA 4 Lﬂ%@\i

a.  1undoe b.  Tuaing

517 4.4 ginsaifuasdygralfaneildlunminaans



76

A = s A 9 Aq Y aw
AT NN 4.1 iWUﬁm@ﬂﬂﬂJ@\?Qﬂﬂﬁmﬁ@ﬁ?ﬁqiﬁWﬂﬂicﬁiu@TUJ%ﬂ

d a d

Qﬂﬂiﬂ! NINUIANDT
@:WEG] Freescale
Fia MC13224V
F29ANUD 2.405 GHz — 2.480 GHz
Maaad Max transmit power (+1.7 dBm)

Sensor node —

oIy CH 26 (2.480 GHz)
RERRING Inverted F-antenna, SMA-antenna
AT IT U -100 dBm

g g

ndoonganaziuld

413 mauiuiindeyarmniinedvesszuy

g o =K 9 A s A Y Y 9 a s L @
ﬂ”li!ﬂiJiJLl‘V]ﬂﬂl@?;ljaW”li”ImG]ﬂiﬁllf’Nﬁx‘U‘]JLW’E)i“IfﬁiNj@WHﬂJ@%IaWQLﬂ’t)'i‘]J'iLW] 1‘1,!
Y

3 3 4 o q Yo
dupeuoei laasziuduaounsnisy TasTuadng (Target node) W50 Tuah 19 avoyass

Y 19 9

<] (% { o a . ~ &
aufuiinAdeyan N udyn1unsu a1 Tuad1989 (Reference node) 11danas 131y

o—

k4

A AA o o g’/ 9 A R A v o 14 Qy o

NUNNMM5NAaee 11U 100 59 (lsardszuia 6 winaeniannalanessun) waglu
9

uaazAsIueImsIamanududyna i Tuadag luaunsosumanududyauan

Y a Y o Y Y o @ ¥ g A 1w A A
Iuﬂ@']ﬂ@ﬂllﬂ ﬁ]Zﬂ']Wu@Glfﬂﬂ']ﬂ'J']lll,"llMﬁigiy']mcluﬂ']i’lﬂﬂiﬂuuﬂﬂ'llﬂ'lﬂﬂ -110 dBm t#is00n

A 3 A

ANuNLIeAe daanunsuldanTuad1evsdasouuin lumufenud1asunaINmvue

09

[ Y

Y A 9 Ao Y a S 1 o ° Y Y
LLﬁ'JﬂJﬂWﬂ'JHJL"UﬂJﬁfllflﬂﬂ‘lﬂi‘]JllﬂinﬂIuﬂf]W\T’E'Nslﬂuﬂ'lhlllﬂ‘i‘ﬂ 100 A33 F1]3‘ﬂTVi'L‘!ﬂclflfiﬂ'lﬂ')'lll!f’llll

g 9

Y 1
v A

Y v
’diyilg)ﬂmiuﬂWi'Jﬂﬂiiﬂl‘HﬁﬂiJﬂWm1ﬂ‘]J -110 dBm flﬂﬂﬂlﬂlﬂ@]@ﬂﬂ@M1ﬁﬂﬂ1iﬁl%}ﬂi$ﬂ’31‘lﬂ1i

) A oA 9 A D) g Yt v A A
nIoNvDYD (data filter) L‘WEJﬂmaﬁlﬂ"llau”amﬂumlmumawgﬂﬂlay‘auu al Gl;ﬂllﬂ')’lllu'll,é]f@ﬂf]

'
= o w 1T A

k- Ao Ay 9 Y ax s 3 7 . a
UINUU “]N\‘l'lu'ﬁlEluulﬂﬂiﬂil"llﬂaaﬂjﬂj‘ﬁlﬂﬂilcﬁu@l’lﬂa (percentlle) N ﬂ1ﬁ]ﬂﬂ1Wﬂﬂﬂﬁ
. 9 o ¥ a0 ) Y ' A )
(outhers) 61]’0\‘1"]]@33'@Llﬁgﬂgu'lellﬂyﬁﬂN'I‘Llﬂﬁ3'LI'Jufﬂiﬂi@ﬁﬂl@y‘alla’)hlﬂﬂ'lﬂuﬁﬁﬂm@\ﬂgﬂﬂ]@yja

¥ A qu v ) A s L ody v o A A A
HU L'W@ﬂl‘;lfﬁﬁ'l\‘iﬁ'l1!511'E)15‘]1a'V‘I\1Lﬂﬂﬁﬂ%uﬂﬂ"lﬂﬁ]']ﬂﬂ'ﬁ?ﬂﬂiﬁﬂluwuﬂﬂ']ﬁ‘Vlﬂﬁ@Q

9 Y]

) 4 I g o ] [ ] I
mmmuﬂeuaau”lautwmzL‘}Jumumaumsszumgmuwmmq wugeenu 2

9
%

< [ o [ o [
DU 1%%%%@“!,!,3ﬂLﬂuﬂWﬁ'Jﬂﬂ']ﬂ’J']iJL“ﬁ}NﬁﬂJuﬂJﬂﬂ! Iﬂﬂiuﬂﬂﬁﬁ]‘ﬂgﬂ"lﬂ"lﬁ'llﬂfnﬂ'ﬂﬂlslsl}ll

ee

=]

v
U =

U
v MY Y a ey 0 v [ ¥
ﬁﬂJﬂﬁﬂMﬁ‘U%ﬁﬂﬂIHﬂ@N@ﬂ W IANABDINITNITUA U U TUIY 20 N33 (Glﬂmmﬂ’izmm 1

g

& &

=\ 2’; 1 I =1 o 9 a s L 4
HINA Qﬂﬁ)“ﬁuﬂﬂqﬂ) “UuﬂE]uﬂEJ3J1L‘]Juﬂﬁlﬂ%ﬂﬂmﬂﬂﬂﬂj1u‘u®uﬁﬁ7\hLﬂ@ﬁﬂ%u‘ﬂ Iﬂﬂﬂﬁ‘ﬂﬂﬁf’)\i



77

9 a

2 A I} a A . . =2 ax o ' A
ulﬁ@ﬂi“m‘ﬂﬂuﬂ‘i%ElgﬁNﬁulﬂ’mﬂElu (Euclidean distance) G]f\‘]l;‘l]u?l‘ﬁﬂTi‘izanuﬁuﬁIﬂﬁllaﬁlﬂ

VoAA @

o 9 a s (& J Y A o ' o A
@I1LLWL!\1“VI1!ﬂ1ﬂ’31mli\‘lﬁmuiy1m1u§1uﬂl@y'm/\|\uﬂﬂ‘iﬂ'i‘l!“lflalﬂaLﬂ&l\iﬂﬂﬂWﬂﬂMl!NﬁiyﬂJﬂﬂ!ﬂ

TuaingivlaanTuasredanniiga

d
4.1.4 mMmanfsaumsusazmsinsrina

mmsfFeuievlsz@ninmanugndeaazanuuiudilumsszydmtigig

MmananIfruadru Tuad e Isitauenumaianmssvuadumia Tuas1994

A A v 9 =

g‘z a a 14 Qy o Aa o
11U Uniform Placement Tagng 2 L‘VIﬂu‘ﬂﬁ]g‘JJ‘Wﬂﬂﬁ?ﬂﬂ]ﬂgﬂﬂﬁlﬂﬂiﬂﬁﬂﬂ%Tﬂ?ﬂ 110 Whe U

o 1 a v a 4 Qy 4 [ Aa o [ Y 1 o ]
MUUATLIZHINVINNAN UNDTUTUNLAENAAMINDY 4 AT uazﬁmiqmﬁ@ﬂmgmuﬂuﬂ

[ ~ 9 @ a o A ya 4 = a A 31./
mqm"lmmmsamiammu 88 94 welduasgnuazfSoumeunadssaninnuoany 2

[ Y

maiia Tagaziasanlsed@ninmanugndeatazanuuaudlumsszydunising a3t
1] X o ) % o 3 o o ) a g’l

srezigATIALY FawamsnaaedlumsszydumusiagdmiumstivuadunniadanaTua

81999111 Uniform Placement UaA9A9317 4.52-b azwan1snaasalumsszydmmuaing

v 1
AMTUMIMHUAGUNIIAAAT TUAS19DMUY MSMR-SA LAA9AIg1N 4.5¢-d

T

=i =
1 L L 1 1 1 I7
18 21 24 27 30 33 36
X-axis (m)

1 9
319 4.52 wamsszyAumisingassdmSumshiuaduisAaa Tuas199s

G

v [
11U Uniform Placement 4 91A15UTTUT1TYUN 2



18 21 24 27 30 33 36
X-axes

1 9
517 4.5b mamsszyfumisiagusedmsumsfmuasmsaan Tuag1eoa

G

Y 1
11U Uniform Placement f 91A15UTTUT1TYUN 3

18 21 24 27 30 33 36
X-axis (m}

v 9
31U 4.5c mamsszydumiaiagessdmsumsmmuadurisaan Tuad1os

U1 MSMR-SA 9 0115 U5 TUATHUN 2

78



79

y-axes

3 6 9 12 15 18 21 24 27 30 33 36
X-axes

1 9
319 4.5d wamsszydwriingessdmsumsmvuadurisaaa Tuas19ds

G

Y H
UL MSMR-SA 9 9115 UITUATFUN 3

nngUit 4.50-d vziin 18 Tuadred it 1Andve s umadiafi sy
uadumisAasa Tuadradevesnaaeamaiia limileusu Tasdumisiasa Tuadiad e
MSMR-SA Tdnyae g ausuiuiuinndrdiunisdads Tuag1948a011 Uniform
Placement  (1aZ 2 AUNATH UL IAAR TUAS198911Y MSMR-SA 1917202114

a [

aaanaoulunsszydumisvesd i ieiages snud e 1da1nisgaameuioand

q U

¥ ]
A A

Y 9 ) 1
MIAAAT IUAS19D 911U Uniform Placement THNUNNITNAADING 2 ¥U FI1U18AINI AT
Y
anaeluA1989uuU MSMR-SA  1da1ugndss uazunudilunmsszydumniauninnainms
Y
1HoNAANT 1UAD19991UY Uniform Placement
g’; 4 o a o o 1 I .
NAUUEBIVIN TN NIAFUNTUINUIIANVIIVL U DV AL AY (Cumulative
) Y
Distribution Function: CDF) ¥945z8zn1AaIanaoulunsseydimuaingasad1msuny 2
a [ ~ < 1 1 A A a a‘/
madin uaaInaglin 4.6 swmunmanuaaiamasumeluszes 6 was Msaenaandlua
Y a Y Y o [ = 1 a ?zl/ 9 a
91993V MSMR-SA Tvinugndedlunsssydumiagad 72% uan1saaadlund1eos
. 9 9 o ' Y a {
LU Uniform Placement 19A21gnA0lunsszyduniaiied 52% tazi1nasannninu
9 o 1 A a 3’, 9 a Y d‘
2nAluNMITEYMINUIN 70% MIAANITUADIIBIUY MSMR-SA THinmianunaianasy
1 1 a g’; 9 a . Y
mMeluszes 5.75 w05 ualuaIuuean1saaad luad199911D Uniform Placement 141A1A271%

& 4 A = < Y1
aaaaouneluszee 7.56 1Was uazilonasanlunisen 4.2 ﬁ]%L‘Hullﬂ’N ERAINIREAT



80

Fumisfidonanas U198 LY MSMR-SA fAundenunmandenvesnsszyAum
3.81 AT AIANAAIAIAADNYBINITTZYS MU BNNTigaedT 13.60 was Audeuy
WIATTIU 3.69 LUAT aAn3n1sAane TuASIB U Uniform Placement Taolaundonanu
AAIAINTBUVDIMITZYR N 5.53 1WAT AIANUANIAIATOUVBINITZYMUHLINNTiga
071 16.97 A3 ANLEAUNATIIY 3.87 AT gufunnramsnaaswaasliiiuinisden
anﬁummaﬂ@%ﬂuﬂéﬁqﬁmmzauﬁm%mzumzuﬁnmﬂm18111@1?11514@1&161‘?11?'{&wa@ia

mavlszansamanugndes nazanuuithluszuuszysumianas lagete 31%

MSMR-SA

0.7p====== === === y
Uniform Placement

0.6

0.5

0.4

Cumulative distribution function

0.3

0.2

0.1

1
0 2 4 6 8 10 12 14 16
Error distance (m)

A 7w ' 3 A
S'IJTI 4.6 ﬁ\‘]ﬂ“]ﬂ!ﬂ”IiLLi]ﬂLLiNﬂ’J"IﬂJu”ﬁ]%LﬂHLL‘U‘Uﬁ%ﬁmﬂ]ﬂﬂigEJ%‘V]Nﬂa”IﬂLﬂﬂﬂu

RY

9
TumsseydiumieIngasad MmN 2 mata (grid spacing 4x4 m’)



81

v ! H 9
M3199 42 ManuamanaouveInIszyduniei lannmsinese Taemsidenaand Tua

F)
1994110113 2 YU

Error distances (meters)
Performance metric
Uniform Placement MSMR-SA
Average 5.53 3.81
Max. 16.97 13.60
Min. 0.00 0.00
S.D. 3.87 3.69
70" percentile of Estimation error 7.56 5.75

42 manfSeufguramsszydmuaingnnmslsgiudeyailasnmsiasis

puMsdravsTaanaaelilsunsa

Y
=

ninmsnaassnouniil ldninaasuiienSeuieulse@ninmmsmeawmiaing

'
a A yga o

Y 9
aemsnedie TuagedangIde lanaunau Ae msmmuadwmisaans Tuagiadauy
9

o o o a . 2 o
MSMR-SA L‘]FIEJ‘]JL‘ﬁEJTJﬂ’]JﬂTiﬂ”lﬁuﬂ@”luﬂu@@ﬂ@ﬂiuﬂ%ﬁﬂ@ﬂuﬁﬂ Uniform Placement “TNL‘]J‘L!

'
a A

a aAav Y a Y o v o F 9 a s (£
UUIAATINITUIYYD WD IﬂEJ]lﬂ‘VHfﬂ3’Jﬂﬁﬂ]ﬂl"lﬂ!i]iﬂLWE‘JﬁiNﬂ"IHﬂIE’JQﬁWQLﬂ@i‘]JiH INHD

o9

v
=

<3 1 o ° (=Y Zi a ) 3 Ao e
ﬂTi‘VIﬂa@ﬂLLfWNglﬁlﬁu')Wﬂ’]ﬁLﬁ@ﬂﬂ’]ﬁu@@]']LL‘WHQ@]@@QIU@'STQ@QWWWUT%H%Tﬂﬁ']u'ﬁ]fﬁj

1 A a a Y v o l FY 1 o o 1 Aa gll Yy a
GI)"JEJLWN‘]J38ﬁﬂ‘ﬁﬂ’]wslﬁﬂﬂigﬂﬂﬁ$uﬁ'luﬁuﬁhlﬂaﬂ')’lﬂ’liﬂ’l‘ﬁuﬂ?‘]1Llﬁuﬂﬁﬂ§‘]ﬂiuﬂﬂ’]ﬁﬂﬂﬂ1ﬂ

Fl
ngJ v 9 A

NuAresesslumsnaassiadyg s auiudmiunsnaassluiadetineldiwanis

o "o ) ) A s & Ayy v a ]
V]ﬂﬁ'é)\?ﬂﬁi%Hﬁnlﬁuﬂﬂﬁqﬂ?ﬂﬂ?ii%;‘g?ﬂﬂlﬂyﬁwﬁlﬂﬂiﬂiu‘ﬂhlﬂﬂ1ﬂﬂ1i’)ﬂﬁﬂlﬂﬂmﬂiﬁh1ﬁi1ﬁ

o 9

a

o [ ds! 9 axy 1 d' )=} Y LYY 9 a
N1TADITYYIUUVUAIYITNITAN ) LWE]!‘IEEJ‘UW]EJ‘]Jﬂ’]Jﬂ1i’mﬁiUuiLﬂmi]§\i Iﬂﬂ%ﬂ“ﬂﬂuﬂ

1 A A I ax =~ a a 9 v )
igﬂzmqgﬂamﬂugﬂua‘ﬁmnﬂ%umﬂuﬂig’d‘n‘ﬁmwmmgﬂmmuazmmgmum

Y o o a Jd (% dy Y o dy A o [
11!ﬂ1§1/lﬂﬁ@\1!51h1ﬂ1/nﬂ15ﬂ”l‘l/iuﬂW”li”l‘JJm@iﬁN q AU “lﬂﬂ”lﬁuﬂzlwuﬂﬂqﬁi‘llﬂTi
Y a o 1og ¥ A a o =) a A
Gl,wmﬂﬁiwmzuml,mmLﬂummmﬁmmwuﬂ 24108 3 lJ’HTJVIEﬂﬁEJW]ﬂI‘L!IﬁEJQ’iuTi uy

dy A A o 1 Y a g}/ A Y o
61]141@]W141/11J5$3J1i1! 35x35 A1 1LUAT NG]HL’VI‘LNI‘L!@EHQE]\WN’HM@ 8 Tu@%"l@msnmuﬂ
o [ =N g}; 9 a { [y 3 a o 4 o o 1T Aa g’;
mgmmmmTuﬂmqmﬁwwuﬁuimmnﬂﬁ (MSMR-SA) LHAZNITNIHUAN N UINANY

9 a . o o [ 14 Qy 3’; o [
Iuﬂ’BNENLL“LI‘]J Uniform Placement MruasurdslanesUsuninua 110 UV U LY




82

o ' @ ) o o v & [ ' X a Jd v J 4
AU Tuadagd 11T UNTNAADIN ALK UININUA 88 @MUY FIMs1lwoTaIna1Iuil
A o v 9 ° ' o A q 9 v 9
WHNOUNUNMINABDI UV 4.1 MITassmanuussdyaranie l¥lumsainegiuvoya

a s £ g J o ' [ o ' [
Hunesisuluduaeusei latia uazmssiassainnuussdyanavosdumis Tuadaglu
g’/ 4 o ' o 2
duaousou laiiasz 19 1sunsu MATLAB  lumissiaesmanuussdyaraiulasly

' A 9 % o Ay Y v o a
ﬂ“ﬂaﬂﬂl@qmﬂyaﬂ'NNﬁﬂwuﬁcﬂllﬂ%'lﬂﬂ'lﬁ'ﬁﬂﬁiyiy'lm%ﬁq

Y Y v
4.2.1 VOUAAN NHIVNVDIT YU I

v
=1

msasesnnuTudyanansula
Y

[

99 9 oA v o 1
ﬂhlﬂi%ﬂiuﬁiJ‘]Jﬁﬂ')ﬁJﬁﬂJWH‘ﬁﬁgW’ﬂ\iﬂ’JnJ

o

b ea_)§

[ [ (%

rudyaunsulanuszezneszningluasieseny Tuaiagainnisiaese Taensiadoya

Q

Yy o =

D) o , e vy v o Y Yy a
ﬂ'ﬂlllfllNﬂ]@ﬁﬁiyﬂ]uﬁucluu@agﬂﬁﬂﬂghlﬂ"llﬂﬂ;l‘aﬂ'ﬂumlmE‘Tﬂ]ﬂﬂﬂ!VIIH@?@]Q?UH@%TT\IU@@TQ@Q

g9

dAa ¥ X 4 9 o A Yy a ¥ o ' Y
(reference node : RN) Vmﬂm"lﬂuw‘Lmﬂ”ISTIﬂaE’NW‘J’mJﬂu%ﬂﬂlﬂﬂuﬂmdmuu NIDYNNITIIA

Qe

o F) Y [ 1a o 1 k) A 9 A o k) [ ~
qdyYIUUBYa aﬂummqmagmmtmm A !,Lﬁﬂ\‘l“lﬂg‘]_]cﬂ 4.7 Llﬁgﬂlﬂwﬁaﬂﬁﬂqﬂllﬁﬂﬂﬂﬁﬁ151\1‘1/]
o 9

4.3 M08 19T UV

D]

[

= Y Y a A X A '
afialdninTuadedaiegmeluiiuinisnaaes 14y RN, = -91.10

(33 e

=

dBm n118049 Tuaiag

A o ] [ 9y o Ao Y Yy a
DYNAUHNUI A ﬁ”IEJ"Iiﬂ’Jﬂﬂ1ﬂ313JLellﬂJﬁﬂJuﬂJUTmﬂi']Jllﬂﬁ]"lﬂIl!ﬂﬂN@Q

3

' '
v A IS}

v
A0 1 v990115FUN 2 (UNUAIY RN ,) TAUMINY -91.10 dBm uaz RN,, = -66.87 dBm
= o Y 1A o ] [ Y o Ao 9 Y a o A
NUIYON Tuqumagﬂmxmm A ﬁ'ﬁﬂiﬂ’JﬂﬂWﬂ’JHJLGUiJﬁﬂJoﬂJU']mWiUulﬂﬁ]']ﬂiuﬂ@ﬂﬂﬂﬂ’]‘ﬂ 4
¥ A Y A 1w 3 Y g o 1 A d&
VYDIDIAITHUN 3 (UNUAY RN43) UAUNINDY -66.87 dBm 1UUAN 1NUUINANNAVIIVIIN

v
A o 1

9
"lﬁ’mﬁmammﬁzazmwzmwﬂuqu (MATUAIBYNANUI A) ﬂ“]JI’Hﬂ’éIN’ENLWlﬁgﬂ’J

u

(mad9) Taeldnguiuniini Ine (Pythagorean theorem) MumnIszezyialuszU 3 §A (x,

Y, z)



83

A Reference Node

@ : Location A

v 4 9
31U 4.7 Medumstamanududygraiegnmeluoinsvateyu

A ' Y o Ao Y Y a
AT N 4.3 ANNNULIUY ﬂJﬂJu']mﬂﬁﬂvlﬂﬁ]']ﬂIuﬂ@'N@\i o %qﬂ“nﬂﬁf]ll A

Point A Received Signal Strength (dBm)
Floor
x,y,2) RNI1 RN2 RN3 RN4
2 -91.10 -90.48 -91.21 -95.30
(20, 10, 3) »
3 -63.23 -69.66 -75.83 -66.88

v

Y
ludmveadtmsmuiusyezinsenan luasndanu Tuadag aunsoi ldasil

Y
(%

v Y v 1
INA0E1IMIAIUINTLOLHINTENINTUAB1IDIAIN 1 voFuh 2 (RN, nuTuaingiacegh

Rl

dunte A Taomruannavesluad199e RN, Ao (31, 10, 2) HagMuUaANNAUDIAINLT A
A a ~ A a =\ 1 I U A
A0 (23, 10, 3) 5V18 (x, y, 2) 1A87 x, y A9 5282954 1 UUMNUIUTnUIodumuas diu z Ao

?,'_, ° ] 3‘.: =K 9 A 1 Y I A Ax 1 I o [
WUV TUYOIMIUHUINY 15199A0asun z Gl“ri‘lﬁﬂu‘i%EI%%N‘V]‘JJVTH’JEJHJHUJ@I? g1y

v
v A o 9 '

nusetifmuaanugved uadaguse Tuan s iadeyaminy 0.8 was Mvuanugaves

U

9 9
%

9 v
TuAB1DINANWMIND 2 WAT LAZTTEZHINUDIFUDIANT TULARZTUAD 4 1UAT AIUY TNA
939909 TUA1989 RN, 1Az WNAI3IUDIANAd@aY A Ao (31, 10, 6)uag (23, 10, 8.8)

@ Y

9 Y v
MUAIAY MNUUITNINTATUIUNITLISHVBIARINNAUAIINYBYUNAM InTaaaunIsh

4.1 9218




84

Distance = (Ax) +(Ay) +(Ac) @)

|

¥

Distance=\/(X1—X2)2+(y1_y7)2+(21_22)

\
UNUA1 Distance = J(23-31)2 +(10-10)" +(88-6)’°

2

Distance =8.48 m

9
Y

H Y H
WiNTzezH1TEnINTuAd1989 RN, nuTuadagidmnis A Dusui 3 ves

21013 UAUNINY 8.48 (UAT

iie Tddoyamanududyginazszoznadd (RSS = -91.10 dBm, Distance =

o o

9
%

] A o 9 A I o v 1 1 Y o
8.48 LUAT) ﬂluﬂﬂuﬂ’ém1?1’t)miumeum/lhlﬁmlﬂW’m)ﬁﬂﬂm’diJ‘Wuﬁizﬁ’JNﬂmﬂmmnﬁﬂgﬂJﬂm

Y] 9 A 1 = 9 [ Y4 =
ﬂﬂi%&l%“l/l%i@‘l’mjﬂ‘illﬂill MATLAB BN URNQYUDIVDYAANNAUNUST I@EJllﬂiMﬂ‘ﬂ

v v
a A =

Y a Av AA ya v 9 v
1991MAY03 Tuad19991u9ITeUT 2 wiiafe F-antenna 1182 SMA-antenna FI{796 1AM
= Y I A A A Y a o [ g’/ =y o
nsdivevayasenilu 2 nsdine NN 1 Tuad1evaz Tuadinged lusuReIny (same floor)
1 v v ]
uaz 3o 2 Tuadredauaz Tuaingoga19nuHLed U (across one floor) 8NA0819 NTAIN TuA

9 a [ [N [ % g’; 1 [ A Yo o v g}/ ~
919dnaz Tuadagegaanunilayy iy Tuadaguie Tuanlsiadyameglusuin 2 was

o 1T A g’u 9 a [ g’u ~ < 9 A o T Aa 2’, 9 a [ =
MunUIAaAve Tuas19vdeg lusuin 3 1Wuau Taslidumiaaaai luao19oaaanigy

U

@ t4

[ [ t4 A A o 1A - a o 1%
4.8 ’dﬂluﬁﬂ‘}elmﬂTJ?ﬂGUEJ’J!L’GT@NGHLLWHQGI@GNIM@EQ]}NENLL‘]J‘]J MSMR-SA  Uasayauany
= = o v a ¥ Yy a . 9 A &
ﬁmmaﬂuaﬁmam@nmmmmiuﬂmmuuu Uniform placement FAMYLUDNUITIVIIY

9 Y1 A 9 o Y4 [ Y o Ao 9 v ) o
summi]z"lﬂﬂnﬂaEJﬂJmJammfmWu“ﬁiz‘ViTNﬂ313JLﬂJJJﬁﬂJUﬂJUWmmsu"lﬂﬂm‘zﬂzm\iﬁmi‘u

QU U

e01MAU0 TUADI9DI¥IA F-antenna AL E8DIMAUDI TUADI9DI¥IIA SMA-antenna

v J ' @

~ 1 = 9 o 9 [ A Y o
ETJ'VI 4.9 L!ﬁﬂ\‘]f’nlﬂﬁEJEU’E]‘JAﬁﬂ'3111ﬁllW'L!‘ﬁ53W'J'Nﬂ'JnJL‘lliJﬁQ,lﬂlu']mﬂiﬂulﬂﬂU

C4 = o H

sreznNd MU0 IMAUeeTuAs1999 2 ¥ila dydnusigadiuaasmanudndygun
=

2

q v v
'g}/ g @ 4 dga

1A9399INA1801NAVD 9 TUAS1999%1iA F-antenna NAIDGUUFUIAIINY dyanuaigadiiity

Q
v

paaen AUy dy U R3990 T 199101709 TUAB19D9%1iA F-antenna NAID AU

[ t4 [ A

v 9
Wil dyanyaigaddundasninnududygaiinswinaieeiniAves Tuas190riia

q

g g [ 4 = 1

SMA-antenna NAS0gUUTURGINY dyanbaigaduasudasanNudydygIuninasanin

9

g (Y = Jo A

v 9
a1801M1Av99TUAB1999%1IA SMA-antenna NAIBYANAUHLITY Ao Iahmsnidansud

[

A 0w ! oy v Y = = Y
L1’T3J1$ﬁiJ“I/]?jﬂﬁWﬁﬁ‘U!Lﬂﬁ%ﬂﬁﬂ!ﬂ’JfJI‘]J‘i!Lﬂ'ilJ MATLAB Llﬁﬂﬂﬂﬁﬂlﬁuﬂﬂﬂﬁﬁﬂﬂ 4.9 189U

U

¥
=K A
nud
9 a a

Jd v { J o
1/9\11“?(@\1ﬁﬂﬂﬂfUﬁmM"I$E‘ﬁJelJ?NﬂWﬂ’N?Jlegl}llﬁfyiUﬂmﬁﬂﬂZ‘T"IEJE]Tﬂ”IﬂﬂJ@QIHﬂ@NﬂQ"BHﬂ F-antenna



85

b4
v %

2‘, =3 [ [ d' 9y =K A %’ a J v d' 1 9
AIOYUUFUIAIINY AIAUNITN 4.2 @ UNVTUUIULAAININF UMW FUYDIAIANNIVY

U

=h.

¥ v &

] v '
uilly'lﬂ!‘ﬂ'lﬂﬁ'lflﬂ']ﬂWﬁGUfJ\ﬂuﬂé}N@\‘lGﬁuﬂ F-antenna 11 NOYANNUNUIFU AEUNITN 4.3 Lﬁ’u

[

Jd o § 1 a a
U?’fﬁmmmﬁaﬂ%uﬁmmzﬁusummmmwﬁ'uﬁmmmmﬂmﬂmmﬁmmTu@é’nawuﬂ

0o

a
=
N

A2 T ¥ a (% (% A Y KX = do A 1
SMA-antenna NENOYUUTUALINUY ANTUNITN 4.4 EUNUTUAIEAININFUNIHUIE AUUDIAN

Y v b4
ﬂ'JnJLGi,lliJﬁﬂJUﬂJUWﬂJﬂWﬂﬁWﬂ@WﬂWﬁﬂl@QIuﬂ31\1@\1%“@ SMA-antenna ﬁmag@mﬂuwﬁwu AN
A = = 1 Ju A 1 9y o

qunNIInN 4.5 %QﬁTﬂﬂ%!ﬂﬂﬂﬂWﬁﬂﬂ%uﬂl‘Vm13’[3{115116\‘1ﬂWﬂ'ﬂiJHJiJﬁiy)iy)1m%1ﬂﬁ1ﬂ@1ﬂ1ﬁﬂl@ﬂ1uﬂ

$1989UAaTATANTTHZNIA 9 LAAIRIANTIN 7.7 (MANUIA 1.2.3)

2nd floor 3rd floor
[0 Is J1o 15 |20 |25 |30 |35

‘ * MSMR-M placement A Uniform placement ‘

aAq Y a

d' o A g}; Y a Lg
gﬂﬂ 4.8 guvinsann luaooelununlvusms



86

RSS measured from the real environment

The function of F-antenna and locates on the same floor
RSS from RNs with F-antenna and locates on the same floor
-50 — <<<<<<<<<<<< T »»»»»»»»»»»» - === The function of F-antenna and locates on the different floor
. ¢ RSS from RNs with F-antenna and locates on the different floor

. : : : The function of SMA-antenna and locates on the same floor
-60 ,,,,,,,,,, S ,,,,,,,,,,,, N RSS from RNs with SMA-antenna and locates on the same floor

r: : : : —— The function of SMA-antenna and locates on the different floor
* RSS from RNs with SMA-antenna and locates on the different floor
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The function of SMA-antenna and locates on the same floor
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The function of F-antenna and locates on the same floor
. RSS generated from RNs with F-antenna and locates on the same floor
-50 b L P —— The function of F-antenna and locates on the different floor
. e RSS generated from RNs with F-antenna and locates on the different floor
The function of SMA-antenna and locates on the same floor
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'60 : ’ = The function of SMA-antenna and locates on the different floor
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Error distances (meters)

Performance Uniform Placement MSMR-SA
metric Measurement Measurement
data Finorma® | Sisanigorm® data Sinorma® | Srunigorm(®

Average 5.53 1.228 4.17 3.81 0.92 2.70
Max. 16.97 5.657 8.94 13.60 6.40 8.00
Min. 0.00 0.00 0.00 0.00 0.00 0.00
S.D. 3.87 2.01 2.68 3.69 1.870 2.36
70th percentile

of Estimation 7.56 2.29 6.01 5.75 1.91 4.25
error
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2nd Floor Library

Y -axis (m)
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RNs placement for service area 1
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NUIMS
U 1

ATU AU 3382 fumds | dumiedt RETE

t{GLEN fmld | Aanaams t{GLEN mla AANEIANS

No. . , No. . ,
ITYMUHUS FTYAMHUS
X |Y X |Y X |Y X |Y
(uA3) (1un3)

1 3112 3 |18 6.00 31 | 3|12 3 |10 2.00
2 5114 3114 2.00 32 | 3 |18 3 118 0.00
3 512 312 2.00 33 |3 |14 3|14 0.00
4 | 5|32 3 134 2.83 34 | 5|6 316 2.00
5 | 5|16 7|14 2.83 35 | 5|24 3|26 2.83
6 | 5|28 3130 2.83 36 | 5 |10 3 |10 2.00
7 19|22 11|18 4.47 3717 |6 7] 2 4.00
8 | 11|14 11| 14 0.00 38| 7 |12 3 |10 4.47
9 | 13]10 15| 14 4.47 39 | 9|14 3 |14 6.00
10 | 15 ] 8 151 6 2.00 40 | 9 | 26 11 | 26 2.00
11 |17 | 12 19 | 14 2.83 41 | 9 | 4 1] 2 2.83
12 | 17| 22 19 ] 26 4.47 42 | 9 |20 7 | 18 2.83
13 | 19|22 19 | 22 0.00 43 | 11| 16 11 ] 18 2.00
14 | 19| 8 19| 6 2.00 44 | 11| 34 15 | 34 4.00
15 | 19 ] 10 19 ] 10 0.00 45 | 13| 2 1512 2.00
16 | 21 | 10 23| 6 4.47 46 | 13| 16 11 ] 18 2.83
17 |21 | 4 23 | 2 2.83 47 | 13 ] 8 15| 6 2.83
18 | 23 | 14 23 | 18 4.00 48 | 13| 34 11| 34 2.00
19 {23 | 6 231 2 4.00 49 | 1532 15 | 34 2.00
20 | 23| 18 19 ] 18 4.00 50 | 15|30 15 | 34 4.00
21 | 25| 18 27 | 18 2.00 51 | 17| 18 15| 18 2.00
22 | 25120 23| 22 2.83 52 | 17| 4 151 2 2.83
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AUrHY | s seey fumda | duvieh STy

fagese | fwl Aawain Jngosa wmla AanaIA

No. M33zYy | No. MY

X|vy|z|x]|Y AUHUS X |Y XY |z]| dwunis

(tun3) (UA9)

1 [36]0 |1]32]0 2.83 31 | 160 160 |2 2.00
2 2204 |1]24]0 447 32 |4 |2 0 |4 |2 6.32
3 [44|6 |1 |40]4 4.47 33 | 486 48 |4 |2 4.47
4 [48]6 |1 |48]4 4.00 34 | 628 64 |4 |2 4.47
5 (506 |1]52]4 4.47 35 |4 |10 4 18 |2 4.00
6 |70]10|1]72]16 4.00 36 | 60| 10 60 |8 |2 2.00
7 |64]12|1]64]12 4.47 37 |4 |16 0 |16]2 6.00
8 |60]16|1]60]12 2.00 38 |40 18 40 | 20 | 2 4.00
9 | 7416|1724 0.00 39 |22 24 16 | 16 | 2 2.83
10 [ 16201 1220 447 40 | 58| 24 64 |20 | 2 4.47
11 |66 (20| 1]68]20 4.00 41 | 6426 68 |24 |2 2.83
12 |16|26]1 ]20|24 8.25 42 2228 28 |28 |2 2.83
13 |28 |28 |1 |28]28 4.00 43 | 2030 20 |32 |2 5.66
14 | 54321 |56]|32 7.21 44 | 64|38 68 | 36 | 2 2.00
15 |56 [ 40 | 1|52 40 2.00 45 | 60 | 42 64 | 44 | 2 2.83
16 |12 44|18 |44 2.00 46 | 20 | 44 20 | 44 | 2 2.00
17 |74 |46 |1 |72 | 60 447 47 | 54| 48 52 |44 |2 0.00
18 | 10481 |8 |48 2.83 48 |8 |50 8 |48 2 2.83
19 [ 3450 |1 |36]68 0.00 49 | 12| 56 8 5212 2.83
20 |6 |[54]1 |4 |52 2.00 50 | 26 | 58 28 |60 | 2 2.00
21 | 18|54 |1 |16]60 6.00 51 | 42 | 60 44 | 64 | 2 4.47
22 |34|54|1 (32|60 4.00 52 | 58 | 60 60 | 64 | 2 0.00
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fageds | Amld | Aawma Jngosa wmla AanaIA
No. M33zYy | No. MY
X|y|z|x|v|z]| dwunuds X |Y XY |z]| dwunis
(ua9) (1n3)
23 | 66|54 |1 |68]52]1 2.00 53 |4 |62 4 |64]2 6.32
24 | 68|58 |1 |64]|68]1 0.00 54 | 52 | 64 48 | 64 | 2 2.83
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27 |36|68|1|36]|72]1 2.24 57 | 52| 68 56 1722 2.83
28 |58 |70 |1 |60]|68]1 6.32 58 | 12|70 4 |68 |2 2.00
29 |24 |72 |1 |28 721 0.00 59 |42 |72 44 |72 | 2 2.00
30 |56 7201 |56]72]1 2.00 60 | 40 | 74 40 |72 | 2 4.00
Avg. 3.71
Max. 18.87
Min. 0.00
SD. 3.10
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Objective Fn. Run time
No. RNs RNs Placement

(pico Watt) (sec)
1 107,734 1,166 8 | Cr2 Cizg Cora Caza Cags Coor Coos Coos
2 107,472 172 8 | Cs2 Cioa Cisr Caza Caos Csor Csos Coos
3 107,432 1,055 8 | G2 Cizo Cora Caza Caos Coos Coia Coos
4 107,341 127 8 Csp Clog Cigr Cags Cags Caro Csor Coor
5 107,273 156 8 | Cioa Ci1s Cozs Caos Csos Csos Csia Coos
6 107,165 127 8 | Cioz Cinr Cozs Cass Caos Csos Csia Coos
7 106,902 1,122 8 | G2 Cizo Cara Gaoz Carz Cazo Coor Coon
8 106,864 190 8 Ces Crz Cigr Caza Caos Csor Csos Coos
9 106,775 136 8 Cr2 Ca2 Carz Caoa Caos Csor Csos Coos
10 106,626 272 8 | Cs2 Ciss Cizg Caza Caos Csor Csos Coos
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M50 4.9 AN TuAg1NBIINMIMNUATEOLHINIANATO LAY QIDL 4x4 AT UAT

Objective Fn. Run time
No. RNs RNs Placement

(pico Watt) (sec)
1 30,965 41 8 Co1 Gag Co7 Cor Cioy Ciag Ciss Cigo
2 30,965 35 8 Co Gaa Cor Cor Ciop Graa Giss Cigo
3 30,965 31 8 Co1 Gag Co7 Cor Cioy Ciag Ciss Cigo
4 30,886 37 8 Co Gaa Cor Cor Ciop Giss Gigo Cigo
5 30,886 38 8 Cor Gag Cor Cor Cior Giss Cigo Cigo
6 30,886 32 8 Co1 Gag G Cor Cipy Ciss Cieo Cago
7 30,886 40 8 Co Gaa Cor Cor Ciop Giss Gigo Cigo
8 30,886 39 8 Co1 Gag G Cor Cior Ciyss Cieo Cugo
9 30,748 29 8 Cor Gaa Cor Cios Cirg Ciag Ciss Cigo
10 30,748 31 8 Co1 Gag Co7 Crog Cig Ciaa Ciss Cigo

M15199 4.10 funiia Tuas198991INMIMMUATZIZ HIANATO DT YA 6x6 AT 1UNAT

Objective Fn. Run time
No. RNs RNs Placement

(pico Watt) (sec)
1 13,615 19 8 Co Cp3 G Cyq Csp Cgz Co Cop
2 13,615 25 8 Co Cos Gy Caq Csp Cez Ces Cor
3 13,615 29 8 Co Cos Gy Cyq Gy Cez Ces Cop
a4 13,615 28 8 Co Cos Gy Caq Csp Cez Ces Cor
5 13,615 18 8 Co Cos Gy Cuq Csp Cez Ces Cor
6 13,615 25 8 Co Cos Gy Cyq Gy Cez Ces Cop
7 13,615 18 8 Co Cos Gy Cuq Csp Cez Ces Cor
8 13,592 27 8 Co Cis Cos Cyq Cy7 Cez Ces Cop
9 13,592 45 8 Co Cis Cos Cuq Cy7 Cez Ces Cor
10 13,553 21 8 Co Cis Cps Gy Cyg Csp Ceq Cop
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Performance metrics Case 1 Case 2 Case 3
Error distance (meters) gs =2x2 m’ gs =4x4 m’ gs =6x6 m’

Number of grid spacing 631 188 81
Number of candidate 631 188 81
Number of RNs installed 8 8 8
Average Error distance (m.) 2.20 3.33 491
Maximum Error distance (m.) 8.94 10.20 12.00
Minimum Error distance (m.) 0.00 0.00 0.00
Standard deviation 1.55 1.81 2.70
80" percentile of error distance (m.) 3.51 4.86 7.18
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M5197 4.12 AWn1a TuAd19B99INMIMNUATE 0L HIIANATO LAY QIDL 2x2 AT UAT

Objective Fn. Run time
No. RNs RNs Placement
(pico Watt) (sec)

Cll CZS C194 C219 C318 C:401 C418 C:430 C551 C:612
1 217,211 321 12

C790 C:806

(:7 (:19 (3221 (:222 (3390 (:405 (3418 (3431 (:505 (3696 (:786
2 216,161 1,362 12

(3801

Cl Cl3 C161 Cl96 C354 C381 C415 C427 C531 C696
3 216,113 688 12

C711 C797

Cl Cl6 C161 C222 C390 C405 C409 CSOS C655 C681
4 215,482 466 12

C792 C805

(37 (:48 (3194 (:381 (3390 (:401 (3422 (:551 (3612 (:786
5 215,429 412 12

(3797 (:810

(:17 (:30 (3161 (:222 (3354 (:390 (3406 (:426 (3613 (:653
6 215,343 342 12

(:786 (:797

(:1 (:13 (3196 (:219 (3384 (:395 (3405 (:418 (3551 (:612
7 215,144 360 12

(3790 (:806

C9 C7l C194 C221 C384 C401 C418 C533 C612 C683
8 214,960 636 12

C797 C808

C7 C21 C196 C221 C386 C399 C415 C43l CSOS C696
9 214,940 466 12

C786 C803

C7 C7l C162 C29l C307 C409 C418 C430 C612 C6l3
10 214,935 302 12

C, C

788 808
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M319N 4.13 duniia Tuad198991NMIMMUATL oM INIANAT U YDA 4x4 AT UAT

Objective Fn. Run time
No. RNs RNs Placement
(nWatt) (sec)
CS C26 CZS C91 C:107 C116 C:122 C128 C:143
1 55,957 72 12
C:206 C208 CZZS
CS C26 CZS C91 C:107 C116 C:122 C128 C:143
2 55,957 69 12
C:206 C208 CZZS
C8 C26 C28 C90 C9l CIIO C122 C128 Cl43
3 55,638 106 12
CZOO C206 C226
C8 C26 C28 C90 C9l CIIO C122 C128 Cl43
4 55,638 105 12
CZOO C206 C226
(:6 (326 (:28 (375 (:107 (3116 (:122 (3143 (:165
5 55,616 84 12
(:200 (3226 (:232
(:6 (326 (:28 (375 (:107 (3116 (:122 (3143 (:165
6 55,616 87 12
(:200 (3226 (:232
(:13 (328 (:66 (391 (:110 (3116 (:122 (3128 (:143
7 55,603 85 12
(:200 (3206 (:226
Cl3 C28 C66 C91 CllO C116 C122 C128 Cl43
8 55,603 84 12
CZOO C206 C226
C8 C26 C28 C91 CllO C116 C125 C131 C182
9 55,575 88 12
CZOO C226 C232
C8 C26 C28 C91 CllO C116 C125 C131 C182
10 55,575 84 12

C, G C

200 226 232
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MM 4.14 duniia Tuad198991NMIMMUATLEZ M INIANAT DU YDA 6x6 AT UAT

Objective Fn. Run time
No. RNs RNs Placement
(nWatt) (sec)
C3 C24 C32 C51 C:56 C65 C:70 C71 C‘)Z C99
1 25,292 33 12
C:116 C121
(:3 (39 (:31 (332 (:51 (356 (:65 (370 (:71 (399
2 25,258 139 12
(:116 (3121
C3 C9 C3l C32 CSl C56 C65 C70 C7l C99
3 25,258 92 12
Cll6 C121
Cl C6 C9 C21 C3l C54 C60 C65 C70 C80
4 25,204 96 12
CllS C121
(:1 (36 (:24 (332 (:51 (356 (:65 (370 (:71 (399
5 25,150 62 12
(:116 (3121
(:3 (37 (:31 (332 (:54 (360 (:65 (370 (:71 (399
6 25,136 70 12
(:116 (3121
(:3 (37 (:31 (332 (:54 (360 (:65 (370 (:71 (399
7 25,136 88 12
(:116 (3121
Cl C4 C9 C31 C32 CSI C56 C65 C70 C7l C99
8 25,129 78 12
(2121
Cl C6 C21 C24 CSl C54 C65 C68 C80 C92
9 25,117 43 12
CllS C121
C3 C24 C32 CSI C54 C65 C70 C71 C92 C99
10 25,111 46 12

C, C

118 121
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Performance metrics Case 1 Case 2 Case 3
Error distance (meters) gs =2x2 m’ gs =4x4 m’ gs =6x6 m’

Number of grid spacing 2,680 668 316
Number of candidate 810 232 122
Number of RN installed 12 12 12
Average Error distance (m.) 3.08 4.45 6.29
Maximum Error distance (m.) 24.74 32.00 74.00
Minimum Error distance (m.) 0.00 0.00 0.00
Standard deviation 2.98 3.68 6.82
80" percentile of error distance (m.) 5.59 7.56 12.03
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USUMANE (transmit power) Faug +3 dBm 79 -30 dBm TAnw '] (sensitivity) 11101 -95
dBm (<1% PER for 20-byte packets) 5101004 101521188 $220 (6,427 UIN) gﬂ“ﬁ' 1.5 LAAa

Qﬂﬂiﬂi MC13224 Sensor Node Hag@13 199 1.2 ETA9182108AY03 MC13224 Sensor Node

RF
C1 Not Mounted
Il
11
10pF
RF_RX TX
L1 Cc3
3.9nH —_— 1pF ANT1
Not Mounted Not Mounted F_Antenna
o
RF_GND

519 n.4 PCB inverted-F-antenna

G
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GBI

=
JYasiayn

Typical nominal output power

0 dBm, with +4 dBm max

Typical sensitivity

-95 dBm.

Frequency range

2.405 GHz - 2.480 GHz

Typical range (outdoors, line of sight)

300 meters

51% n.5 gulnsaifudsdayana1ia1s MC13224 Sensor Node

Q13197 0.2 5198LIDIAVDT MC 13224

Sensor Node
AaANLA I0AIDEA
Manufacturer Freescale
Chipset MC13224V

Frequency range

2.405 GHz - 2.480 GHz

Transmit power

+3 dBm to -30 dBm

Sensitivity -95 dBm

Antenna PCB inverted-F

Power USB or DC Jack (12V Max) or 2x AA batteries
Connection UART!: USB Interface FT232R

Size (x, y, z) 95 x 60 x 40 mm

Sensor features

Pressure, Temperature, 3 axis accelerometer

Other features

Joysick, 4 Push buttons, 4 GPIO LEDs
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f1.1.2 MC13224 Network Node (MC13224-NN)
aunsaisudedyana13a1s MC13224 Network Node §uii 3§43 ARM7TDM 1ilu
fszuana uaslia1ee1NAT0I¥AAD Sub Miniature version “A” connector (SMA-
antenna) 4% F-antenna A1 T UE 1991019 SMA-antenna Llﬁﬂﬂllﬁgl}ﬁlﬂiﬂ‘ﬁ 1.6 LAZI1VAZIDYA

G

YBIA18DINIA F-antenna LEAAIAINITINAN 1.3 1151 MC13224 Network Node NAmiantiatay

a

Ao vBUAAINATUIA 128x64 LCD with LED backlight Hfia3293UAINAYN AIA5I99 U1
WIATANMTIDY 3 AU 1Az Joysick Heausnlumaadad +2 dBm 89 30 dBm Ten
A 1My -95 dBm (<1% PER for 20-byte packets) 31A1@0HU0U52U1% $160 (4,674
UIN) gﬂﬁ n.7 iaaegUnIsl MC13224 Network Node 11851314l n.4 1daes18aziBonves

MC13224 Network Node

3 191 7.6 Sub Miniature version “A” connector

A137197 0.3 5198LIDIAVBY Sub Miniature version “A” connector-antenna

AaANLA ERCGEGIL
Typical nominal output power 0 dBm, with +2 dBm max
Typical sensitivity -95 dBm.
Frequency range 2.405 GHz - 2.480 GHz
Typical range (outdoors, line of sight) 300 meters
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51% n.7 gUlnsaifudsdayaa1ia1e MC13224 Network Node

Q

Q13197 1.4 5198L1DIAVDT MC 13224 Network Node

AaANLA ERCGEGIL
Manufacturer Freescale
Chipset MC13224V
Frequency range 2.405 GHz - 2.480 GHz
Transmit power +2 dBm to -30 dBm
Sensitivity -95 dBm
Antenna External SMA antenna or PCB inverted-F
Power USB or DC Jack (12V Max) or 2x AA batteries
Connection UART1: USB Interface FT232R
Size (x, y, z) 135 x 100 x 40 mm
Sensor features Pressure, Temperature, 3 axis accelerometer
Other features Joysick, 4 Push buttons, 4 GPIO LEDs
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N.1.3 MC13224 Low Power Node (MC13224-LPN)
aunsaisudedayana13a1e MC13224 Low Power Node jufi 3 ¥4il ARM7TDM
Fustlszuaana taziianeemanelud) 39713971 F-antenna a3n3013ufSadadaud +4
dBm 49 -30 dBm 1f1A210 110U -95 dBm (<1% PER for 20-byte packets) 51A1001110
52191 $120 (3,506 VIN) gﬂﬁ n.8 uane9nsal MC13224 Low Power Node HAZANI T 0.5

HANITIIAZID8AUDY MC13224 Low Power Node

51% n.8 glnsaisudsdayaalia1e MC13224 Low Power Node

QN3N 0.5 519aLDIAVDI MC13224 Low Power Node

AR ERLGEIGHL
Manufacturer Freescale
Chipset MC13224V
Frequency range 2.405 GHz - 2.480 GHz
Transmit power +4 dBm to -30 dBm
Sensitivity -95 dBm
Antenna PCB inverted-F
Power DC Jack (12V Max), or 2x AAA batteries
Connection On pin header
Size (x, y, z) 70 x 50 x 30 mm
Sensor features No
Other features 2 Push buttons, 2 GPIO LEDs
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f.1.4 MC13224 USB Dongle
aunsalsudadayaa'1¥anes MC13224 USB Dongle iansenmianisluda $aiiget
SMD ceramic 811N5015UFSadAque +4 dBm 84 30 dBm A T -95 dBm (<1%
PER for 20-byte packets) 51A1A01U20UTZUI $80 (2,337 1IN) gﬂﬁ n.9 uaasgilnsal

MC13224 USB Dongle 1aza1519% 1.6 LLAA95180208AU03 MC13224 USB Dongle

51% n.9 gulnsaifudsdayanalias MC13224 USB Dongle

A1519% 1.6 518a2DIAUDI MC13224 USB Dongle

AaANLA ERCGEIGIL)
Manufacturer Freescale
Chipset MC13224V
Frequency range 2.405 GHz - 2.480 GHz
Transmit power +4 dBm to -30 dBm
Sensitivity -95 dBm
Antenna SMD ceramic
Power USB
Connection UART1: USB Interface FT232R
Size (x, y, z) 60 x 24 x 12 mm
Sensor features No
Other features 2 Push buttons, 1 GPIO LEDs
Price per unit $80 (2,337 Baht)
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dvsuTdsunsunlsluauisstiannsaniseanily 2 daaude Tusunsunldmvuan
o 1w ¥ Aq ¥ d 9 9o
uazarunugUnsalsudednana 13ae uag Tsunsudldlszuaana saunslgmiuamm
o | Y] 9 o J v d'
suniviaguaz lFmuumianguimuzay
H das U
n.2.1 Tsunsuilimuguainsasvasdnygaline
) [ 4 1 4 1
Tilsunsy Freescale BeeKit 92 1ddm5vadgluuumsiyeunovosgilnsaiuaay
a o 1 1 Y dou 1 1Y a (] I ]
wila agimuania 9 linuglnsalsudedynaliaie e1fiwu Foedaynia A1 address
[ o w I 1 A 9 @ 9 I 9 ~ @ 1
A1 PANID Maddd tagawIa N g lunsswanauna uau 310 n.10 uaaidiody

N9 v09 151N 5Y Freescale BeeKit

H
=

319 n.10 T1J5un33 Freescale BeeKit

T1/51n53 TAR Embedded Workbench 3 198195 Uf1vua code A1 ¥3oud 1 code

]
o v A

4 o v 1w
e 189 nT15unsu Freescale BeeKit tonugumsauvesginssisudedygiuliae

o I g g
uazmumma"lﬂm'i‘vmmmmmﬁ‘um%'ay‘a Iﬂ8%361?{8?131%?1/\11@11!51]@\15]1191 c lums

A 2

fvuanaln dmsums Inaadideasiuesansodiginsalay19a10 I-Link V8 JLink Segger
ARM Emulator Debugger 1o 11an code A1dsasgilnisisudsdyanalfaeriuet ITAG
Connector ¥03s29Unsal 3UA n.11 uaasdrod1antia1svesTlsunsu IAR  Embedded

Workbench t1a231/#1 1.12 u@A3 @18 J-Link V8
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o o T 1 t& 1w o
Tusunsu Docklight v lFdmSunaasaag o Ngunssisudsdyaliaesuls
] 1 1 Y I Y = a3 o =K J
U A1 LQI Hag A1 address AUNI Hudn Favzndaawalugduny text tagnuiunngm
9 v
miataelu text file (txt) TaslidnpazmsiauadienanuTysunsy HyperTerminal 319

n.13 1aAIAI98191tA19v94 11511051 Docklight

Fia Gt vew Propet Took Wrdow b

# IAR Embedded Workbench IDE
i

191 .11 TaJ51n53 TAR Embedded Workbench

€an
=

319 n.12 @@ J-Link V8
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[G- Docklight V19 (Eval)

File Edit Run Tools Help Stop Communication (F6)

(=] B @

L= Commmunication port open ColorsthF
Send Sequences Commuricatian
Send|  Name Sequence ASCI | HEX | Decimal| Binay |

4dd= 31087 >>LQI(0-255)= 213 IOI_[dB]= -29<LF>
4dd= 31087 >>LQI{0-255)= 213 LOT =
Add= 31087 >>LQI{0-255)= 207 LOT
4dd= 31087 »>>LQI{0-255)= 207 LOT

4dd= 31087 >>LQI{0-255)= 216 LOT
4dd= 31087 >>LQI{0-255)= 213 LOT

Receive Sequences Add= 31087 >>LQI{0-255)= 201 LQI_[dE]= -33<ILF>
o 0 s Add= 31087 >>LOI{0-255)= 183 LOI_[dE]= -39<IF>
S50 I equence (W fagd- 31087 >>LQI(0-255)= 183 LQI_[dB]= —39<LF>

ddd= 31087 »>>LQI(0-255)= 192 LOI_[dE]= -36<LE>
Add= 31087 »>>LQI(0-255)= 192 LOT = —36<LF>
Add= 31087 »>>LQI(0-25%)= 198 LOI [dB]= -34<IF>

Add= 31087 »»>LQI(0-255)= 183 LOT
4dd= 31087 >>LQI{0-255)= 180 LOT
4dd= 31087 >>LQI{0-255)= 165 LOT
Add= 31087 >>LQI{0-255)= 177 LOT
4dd= 31087 »>>LQI{0-255)= 186 LOT
Add= 31087 »>>LQI{0-255)= 198 LOT
Add= 31087 »>>LQI(0-255)= 192 LQOT
Add= 31087 »»>LQI(0-255)= 186 LOT
Add= 31087 »»>LQI(0-255)= 174 LOT
4dd= 31087 >>LQI{0-255)= 192 LOT
4dd= 31087 >>LQI{0-255)= 183 LOT
4dd= 31087 >>LQI{0-255)= 153 LOT
Add= 31087 »>>LQI{0-255)= 171 LOT,

dB]= -39<1F>
dB]= —40<LF>
dB]= —45<LF>
dB]= —41<LF:
dB]= —38<LF:
dB]= —34<LF>»
dB]= -36<LF>
dB]= -38<1F>
dB]= —42<1F>
dB]= —36<LF>
dB]= —39<LF>
dB]= —49<LF:
dB]= —43<LF:

LN A O O I O O Y
o
=]

317 n.13 1150033 Docklight

n.2.2 Tlsunsudlisnoamdunnaing

Tusunsu MATLAB 2012b aglddmFunmserudeyaiinuiiudinldnin text file

A o

v o ] . § ] ° 4
e lvanuaslulng Excel (1114 text 0glug1/vee matrix) 1o d1esonstiunlFau e

o [ { 1 4 a ¢ L -4
Avamsszydwmis Tdsunsuazlinihineuanin g Exce (g1udoyailaneidsun uaz

[ [

) A Y o 1 A Y A o ' o
m@y'aﬂﬂﬂ@ﬂﬂhlﬂ) L!ﬁ$u1ﬂ1‘ﬂ®1uulﬂulﬂ1J3$1I’JﬁWaLW’EJ‘?J'%HGHLW?HQGU?N'NIQGHNﬂig‘U’JuﬂWi

[ A A Y o dsl A Y a o dy
NINUVDNNAUAN IANAUIUU 5UN n.14 LLﬂ@\?WHWI'NGU’E]\‘]I]Jﬂ!ﬂiN MATLAB 99314398 U

U

Y

d’ a dyl 9 d' @ a d‘ Y [ T W
NN mmmmm’maummu"lﬂ‘nmiwsmuu‘nﬂuﬂ‘n1%1uﬂ1iizm1uwunﬁ
A= o
U

g lugninsan dreme

9
[ Y a o

9
o ) o ’ 2
muﬂa"l,ﬂmivmmmawumaumﬁzumlmuwmﬂmi}ﬂ U

@

NFZUIUMIHNUVOITTVUTZYMUMU63 lianmnsosin ldedwasiiios (3u Tuaiagia
1 a 4 U ] o @ v
mmsimesuazasae ludaTsunsulszurananuusn Tuiia)
Ti)sunsudraoaunuiuede1n1s Sweet Home 3D lddmivasiaunui fivuea
Tnssadnneluvesernis e 115 lunsuaainaszydumisvesing dred1aniiiag
voullsunsunaasldaagili n.1s
A j’ A a a 4 @ dyd o o w v & 9 o o
MUBIHE) 11D99INNUNVIINNUNUTRTUNLTUIUTINA AIUUTOYA code AT
o TUSUNTUAIUAN 1AL code NIZTVIUNITNINUVDI TSN INTZUIAME 19U code N3
o a o 1 I 9 g}/ ~ ~ 9 a a 4 @ dy
MOUYANATANTIZYMUr U Hudy SaunaunuivedoInsnlsluineaninusaiuil oy

< Y 1 a a 4 = Y
‘Qﬂlﬂ‘]Jll’ﬂu CD MYLauUsIINIUNUT (518902108199 CD fﬂﬂJTiﬂf]llﬂinﬂ Readme.docx)
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n.2.3 Tsunsunldsnamfenduimanzay

o [ o Jd o { 1
Il]ill,ﬂiil MATLAB 2012b ﬁ]gi%}ﬁ1ﬁiﬂﬂ1iﬂ1uﬁlmﬁ1ﬂﬂﬂ"lfl!ﬁlﬁquﬁiJ“Ui’]\iﬂ”lﬂ'J"lﬂJ

Y o Y a ' A A 1 Ay v [ 9
Uy i‘gﬂJu1tllmﬂ’c’ﬂEJ’EHﬂWT"U’ENIHﬂ’E]N@QLLGIﬁ%ﬂ‘im‘lﬂi%EJ%“VING]N il Vlvlﬂﬂ1ﬂﬂ153ﬂﬂ1ﬂ’ﬂm"lm

o 2 j Aq ¥ a 2 A
igﬂunm%iﬂuwum“lwmms UEAANAIT NN N.7

{ J Jd o . ' (%
A15190 0.7 iwazﬁwﬂmﬁmwﬁmmzﬁmmmmmmﬁ’u ﬂJuﬂJ1mﬁ]1ﬂﬁ"IEJ@"lﬂ1ﬁ"llﬂQTuﬂ

Yy a | aa v
DNBULAASNTIUNTISISNINAN €]

The function of F-antenna and locates on the same floor

General model Gaussl: Goodness of fit:

f(x) = al*exp(-((x-b1)/c1)"2) SSE: 3.721e+04

Coefficients (with 95% confidence bounds): R-square: 0.4826

al= -88.02 (-91.34,-84.71) Adjusted R-square: 0.4813

bl=  36.78 (29.71, 43.86) RMSE: 6.902

cl= 59.72 (49.29,70.14)

General model Gaussl: Goodness of fit:

fx) = al*exp(-((x-b1)/c1)"2) SSE: 3.087¢e+04

Coefficients (with 95% confidence bounds): R-square: 0.4993

al = -106 (-111.5,-100.5) Adjusted R-square: 0.4981

bl = 44.82 (33.33,56.31) RMSE: 6.223

cl= 74.74 (58.5,90.97)

The function of SMA-antenna and locates on the same floor

General model Gaussl: Goodness of fit:

f(x) = al*exp(-((x-b1)/c1)"2) SSE: 4.076e+04

Coefficients (with 95% confidence bounds): R-square: 0.5761

al= -99.84 (-103.4,-96.3) Adjusted R-square: 0.575

bl=  37.57 (31.63,43.51) RMSE: 7.151

cl= 56.94 (48.73,65.16)
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{ 1 d v { v (%%
A15190N N.7 meiwazﬁ]ﬂﬂmﬁ@ﬂwﬁmmsﬁmmmmmﬁ’fu UYIUINTIYDINIAUD

Tuag19B Az NI ANTLEZNIIA ) (7D)

Goodness of fit:

General model Gaussl:
flx) = al*exp(-((x-b1)/c1)"2)
Coefficients (with 95% confidence bounds):
al= -108.1 (-112,-104.2)
bl = 37.7 (29.51,45.9)

cl= 66.46 (53.5,79.42)

SSE: 3.613e+04
R-square: 0.4942
Adjusted R-square: 0.4929
RMSE: 6.801
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- MAATIUANN INTANUIAY Ny (Thai Telecommunication Glossary) 3ANULAL
v A 4 a Aa a a 4 A 4
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Quantum Communications Laboratory : OQC/ICCRU) wazwysy lidhaeans auay

v A

daoniudsng Wihwazddnnseting (lensialad) arndszmealne w.e. 2554

[

Jd o o v A
- ANNVYUATFUMNASADIU (http:/rirs3.royin.go.th/coinages/webcoinage.php)

g

d‘ o w t/d’ 9 a a 4
A1319N V.1 MANNA 1% 1IN WU

o w J o v @
mennnm ng MANNAIEIBINYY
4
NHVDIUVY Bayes' rule
2 o
NIUNUINGA worst-case
9
NIZUIUMINTBITOYA data filter
9
NIZUIUNINTDINY floor-filter
NIZUIUMIMUIUMTZIZH AR calculation euclidean distance

nszUAUMIMIAIMLNuResnIndnga | calculation Weighted K-Nearest Neighbor

' 90} v [
LYV WUINUN £ IUIU

MINTLIANTLY scattering

Y A
NIIAUUUULRNIEZN local search
miﬁ'umﬂ%gﬁﬁmuz search space
Msuanadlsna Normal distribution

ﬂ”lilLi]ﬂLLiNLL‘U‘UQﬁ‘V\Iﬂ%iJ Uniform distribution



http://rirs3.royin.go.th/coinages/webcoinage.php

~ o s 9 a a 4 [
13197 V.1 Manni 1 1 uIneinus (9e9)

167
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mannnm Ine

AN B8N Y

G v a K

E
NIADANDIN

Greedy Algorithm

mMsdalas lud

synchronized

a 4 @ a
mM33aIns ludvosdyanauim

clock synchronization

MIANDQEATY

Demodulation

o a A d'
NTIANUUNITNADUN

Move operator

MIAAAIN tracking
M30ANDLLUITUTY linear regression
MIUINN navigation
MIVALI shadowing
mstszmnmamlugig interpolation

axy o

fﬂi'ﬂi$111m€5hllﬁliﬂgl}’w’)‘ﬁﬂ']‘i‘l“iWI']LL‘Vin\i

9 = A ﬂJd' [
"llNLﬂEJ\‘l‘VlﬁlﬂﬁﬂEZfﬂ kUIU

K-Nearest Neighbor method (KNN method)

a a 4
M3 ldsunsuFenaiaemeans

mathematical programming

m3 TlsunsuFudu

Linear Programming

madhasae

monitoring

o

MIUNTNTIWUBINAUT YU INY

radio propagation

NTNoQLaN Modulation
4

NITUNAY matching

MITEYMMNUY localization

A Y A < Y
ﬂ”ﬁﬁﬂﬁﬁﬂ’;ﬂuﬁﬂ‘i{]llﬂﬂmu]lﬂ

Visible Light Communication (VLC)

MIgasveIdy Il

signal path loss

MIldAIDNaNYA

Identification (ID)

MIMAURVIZNTAYDINGNOYNIN

particle swarm optimization

M3IMasuAY overlap

M0UOIUTIA0Y Simulated Annealing
4

INUNNITHYA stopping criteria

o w Aa Ao 9
ﬂWa\‘lﬂ'ﬂﬂJﬂ’JﬂﬂVﬁ‘Ullﬂ

E]

received RF power
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mannnm Ine

AN B8N Y

v

AMAINLA

optical power

MAas transmit power
Y o w A A .

VDI ﬂmam’au"lm constraint
RIRNIIRIC bound

9
VUpDUMUUANIAIS

define parameter

avou'lngd quantiles

f"l’ngﬂ@%}’eN accuracy

AIUNUNU robustness
] I iy

R RERIREETILY probability

AL UEN precision

anua sensitivity

[

1 Y Ao Y
ﬂWﬂ'JHJHJ?JﬂI@QﬁﬂJﬂHﬂ!ﬂiUVlﬂ

g 9

Received Signal Strength (RSS)

mANuAaIAAaoUIUNMTTZYRA UL

error distance

manuulsls variance

Aaamin weighted

f nﬁmmuum 731U Standard Deviation (SD)
mAalsnd outliers

Mo range
ﬁwqmﬁgﬁmm%mmé’au temperature

Taseardavesimumuatnafes

Neighborhood structure

o = Y 2 o Ao A
ﬂ']@ﬂﬂ‘ﬂclﬂa!ﬂﬂ\jﬂ']ﬁﬂﬂﬂﬂ%q@

near optimal

o Ao A . .
mavunanga optimal solution
NAvIVY simulation

Y K .
ALV Access Point (AP)
¥R NUAFONY confidence interval
oI Y19 channel

D) A s 2 < .
gmmagaﬂqmaﬁﬁum fingerprint database
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o o 4
mannnm Ine

AN B8N Y

F

o A
ﬁ?%ﬁﬂﬂﬂﬂlﬂ”lWﬂﬁ!"lf@ﬂJIﬂﬂ

Link Quality Indicator (LQI)

alsmsaaaule

decision variable

o 1T A c’a‘; 9y a a 14
GIHLWH\W]@GNIH@E]N@QLLUUQUW@?N

Uniform placement

o 1A 4 Y 4
auvidaanesdsun

location fingerprint

nguUNAN InTe

pythagorean theorem

MATANTIAMANUUANAIUDIIATN

doygnanaunung

Time Difference of Arrival (TDOA)

o

malamsIamyuidyu@unIauIDg

Angle of Arrival (AOA)

MANANSIATLOY

range measurement technique

a T a A
MNAUATSISNNYAALAYY

Euclidean distance technique

Tuas1994 reference node (RN)
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Abstract. In this paper, performance analysis and comparison for Wireless Indoor Positioning
Systems (WIPS) in multi-floor building are presented. Different structures of WIPS are considered.
In particular, WIPS structure designed by our proposed technique was compared with other
structures designed by an opportunistic approach. The comparisons were conducted by using signal
strength data from the real measurement and from simulation models. An efficiency of the
simulation models was compared as well. The resulis show that the WIPS structure designed by our
proposed technique yield better indoor positioning performances in term of the accuracy and
precision.

Introduction

The applications of wireless communication technology standard IEEE 802.15.4 for indoor
positioning systems has gained more attention recently because it is small, lightweight and low
power consumption [1]. The technology has widespread applications, such as location detection of
the patient or equipment in hospital, product inspection in a manufacturing plant, identifying
location of visitor in large museum, etc. [2]. The optimal design for the placement of wireless
transceivers in the system is needed to ensure high service performance of the indoor positioning
systems.

The techniques used for indoor positioning svstems can be classified into three groups. The first
group is based on Triangulation properties. Particularly, the geometric features of trigonometry are
applied [3]-[4]. The second group is based on proximity of known objects or symbolic location [3].
Finally, the third group is called scene analysis. It infers the location based on off-line observation
of features of a scene [6]-[8]. This technique has gained more attention due to it is provided high
accuracy, high precision and less complexity.

Procedures of the scene analysis techniques are divided into two phases [9]. The first phase is
called an off-line phase. In this phase, the fingerprint database is created. This database collects
parameters of interest in the service areas and is used to determine the coordinates of objects.

The second phase is call an online phase. In this phase, a set of reference nodes (RNs), which are
installed in the building, send out referencing signal for the indoor positioning systems. Each RN
has different name or Media Access Control address (MAC address) which is used as a reference
for the measured signal strength. The target node, which is a device that is aftached to an object or
something that needs to know the location, measures the parameters of the system such as the
received signal strength (RSS), the temperature, etc. Then, the measured parameters are used to
determine the location of objects.

One of the key factors that affects the accuracy and precision of the scene analysis based indoor
positioning systems is the placement of reference nodes [10].

Several works in literatures have shown interest in the placement design for reference nodes in
the indoor positioning systems. The research work in [10] studied the effect of the access point
(APs) placement on the performance of localization in WLAN based indoor positioning system. The
work in [10] interested in the number and pattern of APs placement in both symmetric and
asymmetric in service area. Such areas are complicated and could influence the accuracy of the
indoor positioning systems. In [11], the authors studied the factors affecting the design of indoor
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positioning systems based on location fingerprinting such as path loss exponent, number of access
point, grid spacing and methods used in estimating the location which affects the performance
metric of indoor positioning systems. In [12], the authors presented a technique for reference nodes
placement in a single story building base on Binary Integer Linear Programming (BILP) for a single
plane. Our recent work in [13] presented a novel technmque for efficiently designing the structure of
wireless indoor positioning systems in multi-floor buildings. We named our proposed technique in
[13] “MSMR-M" (Maximize-Sum of Maximum RSS for Multi-floor building). The MSMR-M
applies Simulated Annealing (SA) to solve the optimal placement of reference nodes for wireless
indoor positiomng systems in multi-floor buildings.

In this paper, we further investigate the performances of WIPS structures designed by MSMR-M.
The comparisons were conducted by using signal strength data from the real measurement and from
simulation models. An efficiency of the simulation models was compared as well.

The rest of this paper is organized as follows. In the next section, the methodology for the
performance study is described. After that the performance comparison and analysis of an accuracy
of the positioning systems are presented. The final section concludes the paper.

Methodology

To investigate the performances of WIPS structures for the fingerprinting approach, the indoor
positioning accuracy and precision of the systems designed by MSMR-M [13] are compared with
those of other systems designed by the opportunistic approach [10]. In particular, we consider the
normally used approach which based on the uniform reference node placement, putting reference
nodes of WIPS uniformly across the service area [10]. An indoor environment of the two-floor
building at Suranaree University of Technology is considered as a tested bed for the experimental
study. Size of each floor of the service area is approximately 35m=35m. Fig. 1 compares WIPS
structures designed by MSMR-M against the uniform approach. The star and triangular symbols
denote locations to install the reference nodes determined by MSMR-M and the uniform approach,
respectively. Grid spacing of 4m x 4m was applied. As a result, there are 110 fingerprint locations
across the service area, depicted by the symbol “+* in Fig. 1.

Thorough expeniments and comparisons were conducted by using signal strength data from the
real measurement and from simulation models. The layout of reference nodes of WIPS based on
MSMR-M and uniform approaches were implemented by using IEEE 802.15.4 wireless transceivers
using Freescale MC 13224V third generation chipset with built-in ARM7TDMI processor. There are
two types of the wireless transceiver antermas, including the F-anterma and the-SMA antenna. They
operate at 2.480 GHz (i.e. channel 26 of TEEE 802.15.4 standard). The transmit power 1s set to 1.7
dBm [14]. The height of the reference nodes 1s at 2 meters. The height of the target node is 0.8
meters.

T MEME-M plecement AIUmfnrm plecement |
Fig. 1 2*Yand 3" of service area
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First, to create the fingerprint database, the signal strength at each fingerprint location received
from the reference nodes in the system was measured and recorded by using computer notebook
with an Intel Core 15-2450M Processor 2.5GHz and 8GB of RAM. At each fingerprint location, the
Received Signal Strength (RSS) was measured 100 times in which the outlier values were excluded
and an average value of RSS at each fingerprint location was computed to create the fingerprint
database. Fig. 2 plots RSS measured from the real environment. The measured data is divided into
four categories based on the location and the antenna type of the reference nodes: (Eq. 1) light blue,
(Eq. 2) dark blue, (Eq. 3) orange and (Eq. 4) red, dots denote RSS from (Eq. 1) the reference node
with F-antenna and locates on the same floor with the fingerprint location, (Eq. 2) the reference
node with F-antenna and locates on the different floor from the fingerprint location, (Eq. 3) the
reference node with SMA-antenna and locates on the same floor with the fingerprint location, and
(Eq. 4) the reference node with SMA-antenna and locates on the different floor from the fingerprint
location, respectively. The solid lines represent the best fit curve of empirical data in each category.
The function of each curve is written in (Eq. 1) — (Eq. 4). The notation ¢ denotes the distance (in
meter) between the reference node and the fingerprint location and fifd) is RSS (in dBm) at distance
di=12734

fifd) = -88.02exp(~((d-36.78)/59.72)"). I
fofd) = -106exp(-((d-44.82)/74.74)%). @)
fifd) = -99.84exp(-((d-37.57)/56.94)?). 3)
Fofd) = -108.1exp(-((d-37.7)/66.46)"). )

Next, we aim to determine models for efficiently simulating RSS to be used in our further
experiments. Due to the fluctuation nature of RSS, suitable models need to be able to capture such
effects caused by the shadow fading. Two sets of simulation models were evaluated here. To
capture the shadow fading effects, first we applied the normal distribution function with fi(d) and the
simulation model in this case are written in (Eq. 5); 4 and ¢ denote mean and standard deviation of
the empirical data, respectively. Second, we applied the uniform distribution function with fifd) and
the simulation model in this case are written in (Eq. 6); « and f denote the upper bound and the
lower bound of the RSS fluctuation.

ﬁ.lm.l'nnf(d) =f,(d) ¥, -'\'I-l{}u: al. (5)
Tiwiforn(d) = fid) + Ufaf}). (6)

We implement the simulation models (Eq. 5) and (Eq. 6) by using the MATLAB R2012b solver.
Computations are performed on a computer notebook with an Intel Core 15-2450M Processor
2.5GHz and 8GB of RAM. Fig. 3 and 4 illustrates RSS generated by (Eq. 3) and (Eq. 6).
respectively.

#55 measured from the real environment

40
Thafncsion of F-anmasa and canes on The e foer
RS From R mith -stimad and Bceh on The s fioor
] — Thafmction of B ontpasd 3nd Kt on the Fievent o
R From RO with F-btinnd 3nd K on The AP miod R
Thafommion of Shi-sacennd an 8 locaces o the same floor
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—— ThaFymstion of S amticani i locidss on The Fferist focr
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Fig. 2 Received signal strength measured from real experiments
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Performance Comparison and Analysis

In this section, we present an accuracy analysis of WIPS designed by MSMR-M [13] and the
uniform approach [10]. Here the use of system structures in fig. 1 was evaluated and compared.
Total number of 88 locations of target nodes was randomly selected for accuracy testing of the
positioning systems. The target node used in our experiments is a mobile node consisting of the
wireless transceiver connected to a computer notebook.

We conducted three sets of tests to determine locations of the target node. Fingerprinting based
indoor positioning technique was applied. The first set of tests is based on RSS data from the real
measurements. The other two sets of tests are based on simulation data obtained by the simulation
models (Eq. 5) and (Eq. 6) presented in the previous section.

Fig. 5 compares the cumulative distribution function (CDF) of error distances resulting from
WIPS designed by MSMR-M [13] and the uniform approach [10], using the real measurement data
and the simulation models. It can be observed that the positioning system designed by our MSMR-
M model yields less error distances than that of the uniform based approach for all three sets of
tests. Table 1 shows detailed performance comparison between the proposed MSMR-M and the
uniform placement approach. Considering the results of using real measurement data, WIPS
designed by MSMR-M could yield positioning accuracy at the minimum average error distances of
3.81 m. whereas the system designed by the uniform placement technique yields the positioning
accuracy at the minimum average error distances of 5.53 m. Particularly, 70% of tests using the
positioning systems designed by MSMR-M results in error distance of 5.75 m. whereas that of the
uniform placement technique resulis in error distance of 7.56 m. Therefore, the wireless indoor
positioning system designed by MSMR-M outperforms that of the other technique 31% in average
and up to 24% at 70th percentile.

Comparing the use of real measurement data and the other two simulation models, fig. 5 and
table 1 shows that the simulation model (Eq. 6), f; mifrm{c)), results in the positioning performance
closer to those using the real measurement data than the simulation model (Eq. 3), f; ormar(d), which
results in much less error distances than the real experiments.
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Fig. 5 Cumulative Distribution Function (CDF) of error distances

Table 1 Performance comparison

Error distances [meters]
Performance Uniform Placement MSMR-M
metric Measurement Measurement
‘data ﬁ.m:mal( d) ﬁ.un.jrom(d) ) ‘l:lﬂtﬂ ﬁwmd(d) ﬁ.uﬁ!ﬁzm(d)

Average 5.53 1.228 4.17 3.81 0.92 2.70
Max. 16.97 5.657 8.94 13.60 6.40 8
Min. 0 [t} ] 0 ] 0
S.D. 3.87 2.01 2.68 3.69 1.870 2.36
0t pereotilenl | o 229 6.01 575 1.91 425
Estimation error

Conclusion

In this paper, effects of using different structure of Wireless Indoor Positioning Systems (WIPS)
on the positioning accuracy are investigated. The comparisons were conducted by using signal
strength data from the real measurement and from simulation models. The results show that WIPS
structure designed by our proposed technique vields better indoor positioning performances in term
of the accuracy and precision regardless of the data type. In particular, WIPS designed by our
proposed technique outperforms that of the other technique 31% in average and up to 24% at 70th
percentile. As for the simulation models, we found that the model that applies the uniform
distribution in the signal generating function yields results closer to those using the real
measurement data than the model that applies the normal distribution.
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Optimal Design of Reference Node Placement for
Wireless Indoor Positioning Systems in Multi-Floor
Building

Kittipob Kondee, Chutima Prommak

Abstract—In this paper, we propose an optimization technique
that can be used to optimize the pl of refe nodes and
improve the location determination performance for the multi-floor
building. The proposed technique is based on Simulated Annealing
algorithm (SA) and is called MSMR-M. The performance study in
this work is based on simulation. We compare other node-placement
techniques found in the literature with the optimal node-placement
solutions obtained from our optimization. The results show that using
the optimal node-placement obtained by our proposed technique can
improve the positioning error distances up to 20% better than those of
the other techniques. The proposed technique can provide an average
error distance within 142 meters.

Keywords—Indoor positioning System, Ophimization System
design, Multi-Floor Building, Wireless Sensor Networks,

I INTRODUCTION

HE applications of wireless commumeation technology

standard [EEE 802154 for indoor positioning systems
has gained more attention recently because it is small,
lightweight and low power consumption [1]. The technology
has widespread applications, such as location detection of the
patient or eguipment in hospital, produet mspection n a
manufacturing plant, identifying location of visitor in large
museum, ete. [2]. The optimal design for the placement of
wireless transceivers in the system is needed to ensure high
service performance of the indoor positioning systems.

The technigues used for indoor positioning systems can be
classified into three groups. The first group is based on
Triangulation properties. Particularly, the geometric features
of trigonometry are applied [3], [4]. The second group 1s based
on proximity of known objects or symbalic location [5].
Fnally, the third group 1s called scene analysis. It infers the
location based on off-line observation of features of a scene
[6]-[8]. This technigue has gained more attention due to it is
provided high accuracy, lugh precision and less complexaty.

Procedures of the scene analysis techniques are divided into
two phases [9]. The first phase 15 called an off-line phase. In
this phase, the fingerprint database is created. This database
collects parameters of interest in the service areas and 1s used
to determine the coordinates of objects.

The second phase is call an online phase. In this phase, a set
of reference nodes (RNs), which are installed in the hulding,

Kittipob Kondee and Chutima Prommak {coresponding author) are with
the School of Telecommunication Engineering, Suranaree University of
Technology, 30000 Thailind  {e-mmil:  m3340174@  gsutacth,

cprommaki@sut.acth).

International Scholarly and Scientific Research & Innovation 8(7) 2014

send out referencing signal for the indoor positioning systems.
Each RN has different name or Media Access Control address
(MAC address) which is used as a reference for the measured
signal strength. The target node, which is a device that is
attached to an object or something that needs to know the
location, measures the parameters of the system such as the
receved signal strength (R33), the temperature, etc. Then, the
measured parameters are used to determine the location of
objects.

One of the key factors that affects the accuracy and
precision of the scene analysis based indoor positioning
systems 15 the placement of reference nodes [10].

Several works in literatures have shown interest in the
placement design for reference nodes in the indoor positioning
systems. The research work in [10] studied the effect of the
access pomt (APs) placement on the performance of
localization in WLAN based indoor positioning system. This
work interested in the number and pattern of APs placement in
both symmetric and asymmetric in service area. Such areas are
complicated and could influence the accuracy of the indoor
positioning systems. In [11], the authors studied the factors
affecting the design of indoor positioning systems based on
location fingerprinting such as path loss exponent, number of
access point, grid spacing and methods used in estimating the
location which affects the performance metric of indoor
positioning systems. In [12], the authors presented a technique
for reference nodes placement n a smgle story ulding base
on Binary Integer Linear Programming (BILP) for a single
plane. In Research [13], the authors presented a locahization
technique for multi-story buildings by considering the RSS
along with the temperature and humidity to create the
fingerprinting  database m  service area. Although this
technique could yield high accuracy but this technique has not
considered the problems of placement design of reference
nedes for indoor positioning systems in multi-story buildings.

Based on our literature review above, existing studies are
interested on the accurate and precise indoor positioning
systems. There has been little interest on the placement design
of reference nodes for mdoor positiomng systems. Existing
work has not considered the optimum placement of reference
nodes for multi-story buildings. Therefore, this paper focuses
on the study and development of optimal reference nodes
placement techniques for multi-story huildings. We aim to
increase aceurate and precision of indoor positioning services
in multi-story buildings by installing reference nodes in the
most suitable locations.
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The rest of this paper is organized as follows. In section II,
we formulate the RNs optimization model in detail. Section 111
presents experimental study and analysis demonstrating the
optimal RN placement. Section IV presents an analysis of
accuracy of the positioning systems. Finally, Section V
concludes our work and provides directions for future
research.

II. METHODOLOGY

We proposed a heuristic optimization algorithm based on
Simulated Annealing (SA) to solve optimal placement of
reference node (RNs) for indoor multi-floor positioning
system. The proposed technique is called MSMR for multi-
floor building (MSMR-M) which is extended from our
preliminary work presented in [14]. The MSMR-M is based
on SA which is a heuristic optimization technique that
mathematically mirrors the vulcanization process. SA is a
simple and popular method that has been applied to various
optimization problems [12]. Here we apply SA to solve the
optimal placement of reference nodes for indoor positioning
systems in multi-floor buildings. Note that in this work the
optimal placement is done each floor as a time. It is not a joint
optimization in which optimal placement of all RN is derived
simultaneously. The proposed optimization formulation
consists of the objective function (1) and the constraints (2) -
(5). Table I defines notation used in the proposed formulation.

Objective function:

Iz 1
Maximize 2 rE?F(SuPU) (1)
Constraints:
S,(P,-P)20 VieT,VjeR 2
> 8,2 N, VieT @)
vjek
$,<¢, VieT,VjeR )

Y6, =Ng ®)

VjeR
TABLEI

NOTATIONS
Sets:
R A set of candidate sites to install reference node (RNs).
T A set of signal test points (STPs).
Decision variables:
G A binary {0, 1} variable that equals 1 if the RN is installed at

site j, f € R; 0 otherwise

Sy A binary {0, 1} variable that equals 1 if the STP i is assigned to

RN, i € Tand j € R. 0 otherwise
Constraint parameters

Py The signal strength that a STP i receives from RN,/ € Tand
J € R(dBm).

P; The received signal strength threshold (dBm).

N The minimum number of RNs recommended [5]

Ny Sufficient number of RNs
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Input:

(1) A set of candidate site to install RNs
(2) A set of signal test point (STP)

(3) Minimum number of RNs recommended
(4) RSS threshold (Pt)

(5) Sufficient number of RNs

A 4

Random initial placement of RNs

I

Determine efficient locations of

J

—  RNs (Maximize summation of
Max RSSI: MSMR)
Neighbor Solution I
C iy
<" Decision ™,
3 N & .
No \\I-unclnm
S
IYQ
/ kL
oppingCril.cria/\
No ™. p
\\ Y 4
A

IYts
J

\himulawd Annealing: SA

[ Output:
| Optimal placement of RNs
b 7

Fig. I The process of MSMR-M technique

The objective function (1) aims to maximizing summation
of the maximum RSS at STPs or MSMR objective function.
Constraint (2) is the condition for guaranteeing the quality of
the radio coverage of RNs in the target service area of the
building. Constraint (3) enforces that each STP must be able to
communicate with at least a minimum number of RNs,
specified with a parameter NR. Constraint (4) specifies that
STP i can receive signal from RN j if a RN j is installed. And
constraint (5) defined the number of nodes used in the
installation must have an equal sufficient number of RNs.

Fig. 1 illustrates the process of MSMR-M technique to
determine the optimal placement of RNs for each floor of the
multi-floor buildings. The first step involves entering the input
to the Simulated Annealing algorithm (SA) [12]. Then SA
starts by generating a random set of initial placement of RNs
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and evaluates the cost values with objective function. Then set
this as a current state.

Those locations are selected by the decision function. If not
selected, the neighbor solutions will be searched by applying
the constraints of the problem. The cost values of the objective
function will be evaluated and be compared with that of the
current state. Then the new state will be obtained. This pattern
repeats until reaching the stopping criteria. Finally, we will
obtain the optimal placement for RN installation.

III.  IMPLEMENTATION AND EXPERIMENTS

In this section, we present an implementation and
experiments  demonstrating performance of the proposed
technique. First, in this section we will apply our proposed
technique to determing optimal placement of RNs in the
service area ranging over two floors of the building as
described below. Then in Section IV we will analvze the
positioning performance of the positioning systems obtained
by our models and will compare with the systems obtained by
using the uniform placement technique in [10].

In the experiment of optimal RNs placement, we considered
two-story library  building at Suranaree University of
Technology which was used as a test bed. Size of each floor of
the service area is approximately35<35m® as shown in Fig. 2
and Fig. 3. A set of candidate locations to install RNs are
distributed at the same location as those of Signal Test Points
(STPs) as depicted by the symbol “+7 in Fig. 2 and Fig. 3. We
consider different sizes of the grid spacing to study how the
end size affects the optimal solutions and the performance of
the cbtained indoor positioning systems. In particular, we
consider the grid spacing of 222 m” and 44 m”.

We implemented the system of IEEE 802.154 wireless
transceivers using Freescale MC13224V third generation
chipset with built-in ARMTTDMI processor. The antennas of
wireless transceivers are the inverted F-shape antennas and
operate at 2.480 GHz (i.c. channel 26 of IEEE 802.15.4
standard). The received signal strength threshold to ensure the
radio communication between ENs and the target node is set
to -110dBm [13] and the transmit power is set to 4 dBm [13].
In addition, a guideline of the positioning framework in [11]
recommends that each STP should be able to receive signal
from at least four BNs. Therefore, we set the value of Ny
equals to 4. To provide sufficient coverage over the service
area, we defined the value of Ny equals to 4on each floor.

Fig. 4 depicts a set of RNs which were installed within the
service area. The height of RNs is at 2meters. The target node
used in our experiments is a mobile node consisting of the
wireless transceiver connected to a computer notebook, which
is used to calculate positions of the object. The height of the
wireless transceiver of the target node is 0.8meters. We
implement the proposed optimization technique by using the
MATLAB E2012b solver. Computations are performed on an
Intel Core i5-2450M Processor 2.5GHz and 4GB of RAM.

Figs. 2 and 3 depict the optimal locations of RNs for the
first and second floor of the service area, respectively (denoted
by green star symbols). The figures also show the locations of
RNs based on the uniform placement technique in [10]

i 1onal Scholarly and Scientific R h & Innovation 8(7) 2014

{denoted by blue trangle symbols). In the next section, we
will analyze and compare the accuracy performance of the
positioning system designed by our proposed method with
those design used in [10].
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IV. PERFORMANCE COMPARISON AND ANALYSIS

In this section, we present an analysis of the accuracy of the
positioning systems modeled for multi-floor building using the
locations of RNs as obtained in the last section.

We conducted five sets of tests to determine locations of the
target node. In each set of tests, thirty locations were randomly
selected as the actual locations of the target node. Then the
location of the target node was detenmined based on the
positioning systems obtained by our proposed techmque
compared with the other system obtained by using the uniform
placement technique in [10].

Figs. 5 and 6 compare the actual locations and the estimated
locations of the target node on the first and second floor of the
service area, respectively (in the case of gnd spacing of four
meters). Figs. 7 and 8 compare the cumulative distnbufion
function (CDF) of emor distances resulting from the
positiomng systems for 2-story building at grid spacing of two
and four meters, respectively.

We can observe that the positioning systems designed by
our MSMR-M model vield the higher accuracy than other
model in both situations. MSME-M model could yield
positioning accuracy at the minimum average error distances
of 1.42 and 1.93 meters for the case of grid spacing two and
four meters, respectively, whereas the system designed by the
uniform placement technique yields the positiomng accuracy
at the mimmum average emor distances of 1.71 and 2.32
meters for the case of gnd spacing two and four mefers,
respectively. Particularly, 90% of test using the positioning
systems designed by MSMR-M model result in error distance
of 2.68 and 3.30 meters at grid spacing of two and four meters,
respectively whereas the other model result in error distance of
3.36 and 4.05 meters at grid spacing of two and four meters,
respectively. Therefore, the optimal placement of RNs
obtained by the proposed model oufperforms the other
technique up to 20% and 18.5% for the case of grid spacing of
two and four meters, respectively.
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V.CONCLUSION

In this paper, the optimal placement problems of reference
nodes (RNs) in wireless indoor positomng systems for multi-
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floor building are investigated We propose a novel
mathematical formulation using a Simulated Annealing
algorithm  (SA). Experimental results and comparisons
illustrated that the proposed models yield pesitioning systems
that can operate at higher accuracy compared with other
maodel. The proposed model yield the positioning accuracy at
the minimum average error distances of 1.42 meters and
outperform the other technique up to 20%.Our future works
will consider parameters of the indoor environment. We aim
to develop indoor positioning systems for multi-floor building
by finding optimal locations of RNs on every floor
simultaneously.
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Abstract— Accuracy of location determination is one of the
keys to success of any indoor positioning system. This
performance metric is influenced by how reference nodes (RNs)
are installed. However, most of existing research studies ignored
the problem of optimal reference node placement and efficient
system design for indoor positioning systems. In this paper, we
propose an optimization technique that can be used to optimize
the placements of reference nodes and improve the location
determination performance. A mathematical formulation of
reference node placement is developed as a Binary Integer Linear
FProgramming (BILP) problem, which is an efficient approach
generally applied in facility layout problems. The proposed
formulation aims to minimize the number of reference nodes and
search for their optimal locations in indoor positioning system.
The performance study in this work is based on simulation model
comparison of node placements found in the literature with the
optimal node placement solutions obtained from our
oplimization. The results show that using optimal placement of
reference nodes the indoor positioning systems can gain up to five
meters of accuracy at 90% precision.

Keywords— Indoor positioning ) Refe
placements; System design.

¢ node

I. INTRODUCTION

Indoor positioning systems increasingly gain attention to
become important add-ons to today's pervasive wircless
technologies. The indoor positioning systems using radio
frequency signals of indoor wircless networks have been
suggested as alternatives where signals of Global Positioning
System (GPS) cannot reach receivers inside buildings [1].
Compared to outdoor environment, indoor environment often
does not have line-of-sight communication between reference
node and receiver. The radio signal propagation is greatly
influenced by multi-path effect and attenuation of various
obstacles, which can degrade the accuracy of indoor
positioning system. These issues created challenges in the
design of the indoor positioning systems [2].

Among different radio frequency techmiques used to
determine indoor position such as Angle-of-Awrival (104) and
Time-of-Arrival  (TOA)  measurement, the  location
fingerprinting technique is the simplest technique which
assumes unique relationship between received signal strength
(RSS) patterns called location fingerprints and locations [3]. It
is an attractive approach because almost all wireless
transceivers  have  built-in received  signal  strength

This work was supported in part by Suranaree University of Technology,
the Office of the Higher Education Commission under NRU project of
Thailand and the Wational Research Council of Thailand (NRCT).
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measurement capability and no other specialized hardware is
required at the mobile station (MS). This kind of technique has
been applied to both Wireless Local Area Network (WLAN)
and Wireless Sensor Network (WSN) in the literature.

Generally, the wireless indoor positioning system based on
location fingerprinting technique can be deployed in two
phases [4]. First, in the offline phase the location fingerprints
are collected by performing a site-swvey of the received
signal strength (RSS) from multiple reference nodes. The
measurement of R3S is usually performed on points or
positions inside rectangular grid which covers the localization
area. The RSS pattens or location fingerprints from all
positions are recorded in a database called radio map. Second,
in the online phase a sample of RSS pattern at a current
mobile station's location 15 fed mto a location estimation
algorithm that utilizes radio map created in previous phase. An
estimated location 15 reported by the indoor positioning system
where the location accuracy is usually reported as the error
distance deviated from the actual position [4].

The simplest location estimation algorithm is based on the
computation of Euclidean distance between the current
measwred RSS patterns and all location fingerprints in the
radio map. The position that associated with the fingerprint
that has the shortest distance to the current sample or RSS
pattern is reported as the estimated position [5]. In this
research study, we will assume this type of positioning system
and algorithm as baselines for our performance comparison.
We will show that optimal placement of reference node can
improve the accuracy performance of the system.

Thus far, there are a number of studies investigating on
techniques that can locate objects inside building using either
IEEE 802.15.4 wireless sensor networks or [EEE 80211
wireless local area networks. For instance, Stovanova et al
studied factors that mnfluence the RSS of wireless sensor
network using Tmote Sky nodes [6]. They concluded that
there are a number of parameters that affect the accuracy of
mobile localization which are the transmitter-receiver
distance, the variation among the same type of transceivers,
the orientation of antenna, and the location of reference nodes.
The study of Sugano et al [7] utilized RSS of ZigBee based
wireless sensor network to create an indoor localization
system. Yao et al [8] also studied the use of location
fingerprinting technique for localization in ZigBee based
wireless  sensor network. The measurement of RSS
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distribution in form of Probability Density Function (PDF) at
the location of cluster-head of wireless sensor network was
studied and used in standard hypothesis testing for the
proposed localization system of [9].

The research work in [10] studied the impacts of access
points (APs) placement on localization in WLAN based indoor
positioning system. A related work in [11] proposed an
algorithm that required strategic placement of nodes in each
room and suggested a new range-free solution based on simple
RSSI measurement. From the system design perspective,
Kaemarungsi [4] suggested a framework for efficiently design
an indoor positioning system based on location fingerprint, A
number of system parameters that influence positioning
performance were identified such as grid spacing. number of
reference nodes, path loss exponent, and standard deviation of
RSS. Recently, the impact of reference node placement in
wireless indoor positioning system was presented in [3].

Based on our hiterature review above, existing studies are
interested in the impacts of reference node placement such as
[3], while other studies [6], [10], and [4] are only focused on
the problem of efficiently design the networks of positioning
system. However, they did not consider the optimal reference
node placement in order to enhance the localization
performance of the indoor positioning systems. An example of
wireless sensor network design problem that used Binary
Integer Linear Programming (BILP) in determining the
placement of relay nodes was reported in [12]. In this work,
we will apply the BILP to the design of indoor positioning
system where the reference nodes of wireless network (both
WLAN and WSN) are optimally placed in order to provide
better localization performance. Our main goal is to find a
design with minimum number of required reference nodes
while maintaining maximum level of RSS possible over the
positioning area.

The organization of this paper is as follows. Section 11
described the problem definition and problem formulation.
Section IIT presents experimental study and analysis
demonstrating the optimal RN placement. Section [V presents
an analysis of the accuracy of the positioning systems. Finally,
Section V provides conclusion and guidehnes for future
research work.

II.  ProOBLEM DEFINITION AND FORMULATION

In this section, we will describe our mathematical models
for optimal placement of reference nodes (RN5s) in wireless
indoor positioning systems. In particular, we consider the
positioning systems based on the location fingerprinting. In
such system, RNs are wireless transceivers that are installed
within the target service arca of the positioning systems and
signal test points (STPs) are locations where the received
signal strength from RNs 15 recorded to create a fingerprinting
database. Some RNs should be able to respond to a signal
inquiry from a target node of which a location needed to be
determined. Therefore, RNs should have sufficient coverage
over the service area. That is the number of reference nodes
should be sufficient to cover the design area and research
results presented in [3] recommended that each STP should be

able to receive signal from at least four RNs in order to
achieve good positioning performance.

Incorporating a recommended framework presented in [3],
we have developed mathematical models for optimal
placement of RMs for wireless indoor positioming systems
using a BILP. It is an efficient approach widely applied in the
facility layout problems due to its low complexity and
requiring short time to solve the problem [13]. Specifically,
we have developed two models for optimal placement of RNs
in wireless indoor positioning  systems which are the
minimize-mumber of RN model and the maximize-sum of
maximum RSS model Table I defines notations used in the
proposed models,

A, Minimize-Mumber of RN Model

We denote this model as MNR. The proposed model aims
to minimize the number of KMs and determine the optimal
locations to install them in the target service area of the
wireless indoor positioning systems. This can be written as the
objective function (1). The problem nvolves selecting
locations from a set of predetermine candidate location such
that the obtained wireless indoor positioning system meets the
requirements recommended in [3] such as the level of signal
quality and the number of RNs required to provide high
accuracy in positioning systems. These requirements are
incorporated into the model via a set of constraint (2) - (5).

MNR objective function:
Minimixe Z €;

1
ek ]
Constraints:
e 2Nz ”
VjeR @
S_.'rfp_._,.—P;—)ZU Vie T, Ve R (3)
Sy gc, Viel,YeR 4)
382N, vieT )
TieR -
TABLEL NOTATIONS
Ses

R A set of candidate sites to ingtall reference node (RNs)
b A set of signal test points (STPs)
Decision variables:
P A binary {0, 1} variable that equals 1 if the RN is
indtalled at site j, jR; 0 otherwise
S5 A binary {0, 1} variable that equals 1 if the STP i is
assigned to RN j, i€T and j€R; 0 otherwise

Constant parameters:

Py The signal strength that a STP i receives from RN j,
ierand jeR

Pr The received signal strength threshold

Ny The minimum number of RNs recommended

Nz An optimal number of RNs obtained from MNR
maodel
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The objective function (1) aims to minimize the number of
RNs needed for the specified service area of the mndoor
positioning system. Constraimt (2) requires that the number of
RNs installed in the indoor positioning system must be at least
equal to N;. To ensure the radio coverage of RNs in the target
service area, two conditions are imposed in constraint (3) and
(4). Constraint (3) states that STP 7 is in coverage of RN if the
signal strength received at STP i from RN j (P;) is greater than
the threshold Py Constraint (4) specifies that STP i can receive
signal from RN j if a RN 7 is installed. Constraint (5) enforces
that each STP must be able to communicate with at least a
minimum number of RNs, specified with a parameter N

B. Maximize-Sum of Maximum RSS Model

We denote this model as MSMR. The proposed model
aims to determine the optimal locations to install RNs so that
we can achieve high quality of radio signal propagation from
RNs across the target service area of the wireless indoor
positioning systems. This can be mathematically modeled as
maximizing summation of the maximum R3S at STPs as
written 1n  an  objective function (7). Incorporating
requirements of the wireless indoor positioning systems as
suggested in 3], constraints (3) — (5) described earher are also
applied in this model whereas constraint (2) 1s replaced by (8)
which enforces the number of RNs equal to Ny an optimal
number of RNs obtained from the MNR model.

MSMR objective function:
Maximize Zmux(? P )

< ek n
Constraints:
2 e ®

1. EXPERIMENT ON OPTIMAL RN PLACEMENT

In this section we present experimental study and analysis
demonstrating the optimal RN placement using the proposed
MNR and MSMR models. We aim to compare the positioning
systems designed by our models with other systems reported
in[14] and [15]. First, in this section we will apply our models
to determine optimal placement of RNs in two service
environments described below. Then in Section IV we will
analyze the positioning performance of the positioning
systems obtained by our models and will compare with the
positioning performance of the systems presented in [14] and
[15].

In the experiment of optimal RN placement, we consider
two environments of the wireless indoor positioning systems
which were used in the study of [14] and [15]. The first
environment from [14] considers the service area of size 63m
» 10m as shown in Fig. 1. In this case, a set of STPs with grid
spacing of three meters and a set of 43 candidate locations to
install RNs are located along the building as depicted in Fig. 1.
The second environment from [15] considers the service area
of size 23m % 37m as shown mn Fig. 2. In this case, a set of
STPs 15 also distributed at grid spacing of three meters and a

set of 45 candidate location to install RNs are selected
uniformly over the service area as depicted in Fig. 2.

The wireless transceivers with IEEE 802.15.4 standards
are applied in our experiments. The received signal strength
threshold to ensure the radio communication between RNs and
the target node (Pr) is set to -100 dBm [16] and the transmit
power 1s set to 18 dBm (60mW) [14]. In addition, a guideline
of the positioning framework in [3] recommends that each
STP should be able to receive signal from at least four RNs.
Therefore, we set the value of N equals to 4.

We apply the path-loss model written in (6) to simulate the
signal strength that STP 7 receives from RN j (P.). This path-
loss model considers obstruction and building materials in the
signal attenuation [17].

{dl}m} E+L -10alogld, )~ Zm Mg T X (6)

where P: is the transmitted power (in dBm), Lo is the free
space loss at distance one meter, @ is the path-loss exponent.
For this path-loss model which considers the building
materials, & = 2. d, is the distance between STP i and RN j in
meters, and m,,., refer\. to the number of partition of that type
and wy,, refers to loss in dB attnbuted to such partition. X 15 a
random variable with a distribution that depends on the fading
component. In this study, we apply the log-normal distribution
to the random variable X. We conducted preliminary signal
measurements using wireless transceivers with IEEE 802.15.4
standards and obtained mean value of the received signal
strength = 0 and the standard deviation ¢ = 5.678 dBm.

We apply MNR model to find minimum number of RNs
(Nyom) required for both service environments described
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earlier. Next we apply MSMR meodel to determine optimal
locations to install RNs. In solving MSMR model, the input
parameters include the value of N5 obtained from MNR
model, a set of candidate locations to install RNs (R), a set of
STPs (T), a set of simulated signal strength (P) and a receved
signal strength threshold (Pr). We implement the problems
with the ILOG-OPL development studio and solve them with
CPLEX Optimization Studio Academic Research 122
optimization solver. Computations are performed on an Intel
Centrino Duo Processor 2.0 GHz and 2 GB of RAM.

Fig. 3 and Fig. 4 depict the optimal number and locations
of RNs for the first and second service environment compared
with those deployed in [14] and [15], respectively. In Fig. 3
we can see that our models require the use of four RNs
whereas the deployment in [14] uses three RNs. In Fig. 4 the
positioning system designed by our models deploys four RNs
which are the same as that used in [15]. However, the
locations of RNs obtamed by our models are different from
those locations in [15]. In the next section, we will analyze
and compare the positioning performance of the positioning
system designed by our models with those deployed in [14]
and [15].

IV, ANALYSIS OF POSITIONING PERFORMANCE

In this section, we will present an analysis of the accuracy
of the positioning systems modeled in the last section. In order
to test the positioning systems based on the location
fingerprinting, first 1n the offline phase we need to create a
fingerprinting database. The radio map of the received signal
strength at STPs is simulated by using the path-loss model as
written in (6). Then n the online phase, during which the
location of the target node is determined, the sample signal
strength that the target node receives from RNs 15 also

P 1 e
[T]

ITITTIITITTTT LIT]

15

1]
z
H

5 B’ M O3 40 45 50 1

N-ands (m)
* referemce node location from MSMR & reference node lacation from [14]

Fig.3.  Comparison of RN placement in the first service arca
2 v —
0 ,J * —d P
b— 9
J
'_* Al
15 v

& |

;\ 1
0 ~ b
i) C l -
- & A
10 J L\'_ gV - _1 m
[ - t

] * *
—

1] s 10 15 T 30 il
X-anis (m)
* reference node location from MSMR & reference node location Trom 115]

Fig.4.  Comparison of RN placement in the second service area

simulated by using the same path-loss model as written in (6)
but this time incorporating a sample standard deviation of the
log-normal ~ distribution.  Then the Euclidean distance
technique [3] is applied to determine a location of the target
node by matching the target’s sampled signal strength with
those signal strength in the fingerprinting database.

We conducted three sets of tests to determine locations of
the target node. In each set of tests, twenty locations were
randomly selected as the actual locations of the target node.
Then the location of the target node was determined based on
the positioning systems obtained by ow models compared
with other systems deployed in [14] and [15]. Fig. 5 and Fig, 6
compare the actual locations and the estimated locations of the
target node in the first and second service area, respectively.
The figures show positioning results obtained by using the
positioning systems designed by the proposed MSMR model.

Table IT and Table Il summarize the positioning
performance in term of the error distance from the three sets of
tests and compare results from the positioning systems
designed by the proposed MSMR model with those from the
positioning system deployed i [14] and [15], respectively.
We can observe that the positioning systems designed by
MSMR model yield the highest accuracy. The optimal
placement of RNs obtained from the proposed models can
reduce the positioning error up to 18% and 16% compared
with the positioning system deployed in [14] and [15],
respectively.

Different environments of positioning systems vield
different accuracy of the location determination. Fig. 7 and
Fig. 8 depict the Cumulative Density Function (CDF) of the
error distances resulting from the positioning systems
designed by the proposed MSMR model and those from the
positioning systems deployed in [14] and [15], respectively.
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189

TABLEIL ACCURACY COMPARISON OF THE FIRST SERVICE AREA
Positioning system
_ MSMR deployed in [14]
Experiment - - - - .
Min, Max | Average | SD Min, Max | Average [ SD
(m.m} (m) (m) (m.m) (m) (m)
Ted 1 1,538 199 135 115 356 2.95
Test 2 1,7.07 364 1.62 141,17 486 374
Test 3 1,6.08 269 158 1,1746 386 418
TABLE IIL ACCURACY COMPARISON OF THE SECOND SERVICE AREA
Positioning system
T MSMR deployed in [15]
Min, Max | Average [ SD | Min, Max | Average | SD
mm) | o | | mm | (m | m
Test 1 1,539 276 134 | 14,1315 566 4.1
Test2 141, 6.1 361 L6l | 14,1315 4.87 338
Test3 0,51 288 152 | 1, 1628 493 37

Cuomulative Probability (CDF)

2 4 [ 8 10 12 14 16

Error distunce (m)

Fig. 7. CDF of error distance of the first service arca
* Sysem A means the positioning deployedin [14]

Cumulative Probability (CDF)

Error distance {m)

Fig. 8. CDF of error distance of the second service area area
** System B means the positioning deployedin [15]

We can see that the positioning systems designed by MSMR
model yield higher positioning accuracy, 1e. less error
distances, compared with those of the other systems in [14]
and [15] Particularly, 90% of tests using the positioning
system designed by MSMR model result in error distance less
than 5m whereas the other systems in [14] and [15] result in
error distance up to 7.5m and 10m, respectively.

V. CONCLUSION

In this paper. the optimal placement problems of reference
nodes (RNs) in wircless indoor positioning systems are
investigated. We propose a novel mathematical formulation
using a Binary Integer Linear Programming (BILP) approach
that can determine optimal number and locations to install RNs
in the target service area of the indoor positioning system. The
proposed models incorporate essential factors suggested in the
deployment  framework for wireless indoor positioning
systems. Experimental results and comparisons illustrated that
the proposed models yield posiioning systems that can operate
at higher precision compared with other positioning systems.
Our ongoing works will further investigate performance and
effectiveness of the proposed models. Specifically, we are
interested 1n studying the effects of increasing number of RNs
on the precision of wireless indoor positioning systems.

REFERENCES

[1] G. M. Djuknic, and R. E. Richton, “Geolocation and assisted GPS,”
IEEE Computer, Califomia USA, vol. 34, pp. 123-125, February 2001.

[2] Y. Gu, A Lo, and 1. Niemegeers, “A survey of indoor positioning
sysems for wireless personal networks” [EEE Communications
Surveys & Tutorials, vol. 11, pp. 13-32, 2009.

[3] 5. Aomumpai and C. Prommak, “On the Impact of Reference Node

Placement in Wireless Indoor Positioning Systems”, World Academy of

Science, Engineering and Technology, vol. 60, pp. 449453, 2011

K. Kaemarungsi, “Efficient design of indoor positioning systems based

on location fingerprinting” Intemational Conference on Wireless

Networks C ications and Maobile Ci ing, 2005, pp.181-186.

[5] K. Kaemarungsi, and P. Krishnamurthy, “Modeling of Indoor
Positioning Systems Based on Location Fingerprinting,” Twenty-third
AnnualJoint Conference of the IEEE Computer and Communications
Societics, March 2004, pp. 1012 - 1022,

[6] T. Stoyanova, F. Kerasiotis A. Prayati, and G Papadopoulos,
“Evaluation of Impact Factors on RSS Accuracy for Localization and
Tracking Applications in Sensor  Networks,”  Telecommunication
System, July 2009, pp. 235-248,

[7] M. Sugane, T. Kawazoe, Y. Chta, and M. Murata, “Indoor Localization
System Using RSST Measurement of Wireless Sensor Network Based on
ZigBee Standard” Int. Conf. on Wireless Network and Emerging
Technologies, July 2006.

[8] Q. Yao, F. Wang, Fellow, H. Gao, K. Wang, and H.Zhao, “Location
Estimation in ZigBee Metwork Based on Fingerprinting,” IEEE Int.
Conf. on Vehicular Electronies and Safety, pp. 1-6. December 2007,

[9] I Ch. Paschalidis, and D. Guo, “Robust and Dignbuted Stochastic
Localization in Sensor Networks: Theory and Experimental Results,”
ACM Transadtions on Sensor Networks, vol. 5, pp. 1-22, November
2009.

[10] ©. Baala, Y. Zheng, and A. Caminada, “The Impact of AP Placement in
WLAN-Based Indoor Positioning System,” Int. Conf. on Networks,
2009, pp. 12-17.

[11] ©. E. Segou, 8. A. Mitilineos, and S. C.A. Thomopoulos, “IALE: A
Range-Free, Adaptive Indoor Localization Method Enhanced by Limited
Fingerprinting,” Int Conf. on Indoor Positioning and Indoor Navigation,
September 2010,

4




190

[12] A Bari, D. Teng, and A. Jackel, “Optimal relay node placement in
hierarchical sensor networks with mobile data collector,” Computer
Communications and Networks Proceedings, 2009, pp. 1-6.

[13] W. L. Winston and 1. B. Goldberg, Operations research: applications and
algorithms. University of Califomia: Thomson Brooks/Cole, 2004.

[14] D. Sanchez, M. A Quintana, and J. L. Navarro, “WLAN Location
Determination Using Probability Distributions with Search Area
Reduction via Trilateration.” Intemational Conference on Wireless and
Mabile Communications, 2009, pp. 328-333.

[15] K. K gsi, and P. Kris thy, “Properties of Indoor Received
Signal Strength for WLAN Location Fingerprinting,” Proceedings of the
First Annual Intemational Conference on Mobile and Ubiquitous
Systems, 2004, pp. 14-23.

[16] Maxstream Incorporation, 2006, July, 12. “IEEE 802.154 OEM RF
Modules,” Available: htp://'www MaxStream net

[17] K. Pahlavan and P. Krishnamurthy, Principles of Wireless Networks, NJ
USA: Prentice Hall, 2001, pp. 55-57.




sz IAdvay

a a a A A o A o Ao v o A g
UWNAANN AUA LNALUBIUANTN 5 UNTIAY WNTANIIY 2533 NIIHIAIUNYT Lﬂuum
=~ = = a o d == v ¥ o =2 [ ~
VDI UWYFD AUA UASUNWVIYY AUA FUTINITANHITSAUTUNTINADYIIINAIEIAIUNY T
[ =

a o L4 o [ [ 3’./ [ [
QNINANNY) duneiies sandasuniys ludlmsdnei 2550 annulddndnyiae luseduy

Q

Pygmimnssumdasiuga GanssuInsauuiny) veaunminedoma luladgsuisiie

= = = ~ = Y o A = a Jd v
UnsAnyl 2551 "]Nil!‘]Jﬂ"lSﬂﬂH"l 2554 "lwﬂmwlmsm ﬂ"liﬁﬂkl"ILLﬁ%’JLﬂinﬁﬁﬂngll’f)

=

a a o o 1 J
iinslavesuminedumaluladgsuis Taelionnsdnisouiae duiemansinsd as.

a 9

< =2 @ ~ ~ = 2 Y
PYAUT NIUUUD LLﬁ$ﬁ1LSﬂﬂ"liﬁﬂkl1i$ﬂﬂﬂ§ﬂ3ﬂlu1@]§1uﬂﬂ1iﬂﬂy1 2554 mﬂuu”lﬂmmmﬁu%

Q
v
=

nzanmaeluszaulSagimnssumansumitudia aumsiauualianIsnnue
o [ =N 3/./ 9 a o [ o ] 9 2‘/ = 9 v 9
Auritanad Tuaseed miuszuuszydmua imeneluoimsvatesu 39 ldadnsdn

1 a a a a J a [}
dnwiaeluaunivIainssu Insavuiay d1in3naanssumaas urinedemalulag

9
v A

o A a 4 o =
gsuts vinmahanednusaiuilhvgited anwd vazanudrlimediuszuusey

LY

o I 1 = = a A 4 1 9 ' a
GﬂLlfl’iuQ'JﬁﬂﬂWﬂGlu@WﬂWilﬂuﬂEﬂ\‘lﬂ uazuwawuﬁwuwmauwﬂmm \‘11‘1!’1J‘§$1$3J’)"1ﬂﬂ15

Q
Y 1

WU 1A AT9N 11 International Conference on Electrical Engineering/ Electronics, Computer,
Telecommunications and Information Technology (ECTI-CON 2014) & 159u5u@u1511 39%3a
UATTEIN TR 1417 Wgun1AL 2557 sz au3IMITUINING World  Academy  of
Science, Engineering and Technology (WASET) adarosiaua i“u‘ﬁ' 30-31 NINYIAUN 2557
uaxqmﬂw}gufjﬁmmﬁumwﬁ International Electrical Engineering Congress (IEECON 2015)

@ @ < o A ~ ~ = [
WHIAHINA IUN 18-20 WUIAY 25581@EliJ'i'IEJag!f]ﬂﬂﬂ\jﬂ’]ﬂwujﬂ fl



	
	บทที่ 1
	1.1  ความเป็นมาและความสำคัญของปัญหา
	1.2  วัตถุประสงค์ของการวิจัย
	1.3  สมมติฐานของการวิจัย
	1.4  ข้อตกลงเบื้องต้น
	1.5  ขอบเขตของการวิจัย
	1.6  วิธีดำเนินการวิจัย
	1.7  ประโยชน์ที่ได้รับ
	1.8  นวัตกรรมของงานวิจัยนี้
	1.9  ส่วนประกอบของวิทยานิพนธ์


	
	บทที่ 2
	2.1 กล่าวนำ
	2.2 ปริทัศน์วรรณกรรมและงานวิจัยที่เกี่ยวข้อง
	2.3 การโปรแกรมเชิงเส้น
	2.4 การค้นหาคำตอบด้วยวิธีฮิวริสติก
	2.5 โปรแกรม IBM ILOG CPLEX


	
	ภาคผนวก ก
	ก.1 อุปกรณ์รับส่งสัญญาณไร้สาย
	ก.1.1 MC13224 Sensor Node (MC13224-SN)
	ก.1.2 MC13224 Network Node (MC13224-NN)
	ก.1.3 MC13224 Low Power Node (MC13224-LPN)
	ก.1.4 MC13224 USB Dongle

	ก.2 โปรแกรมที่ใช้ในงานวิจัย
	ก.2.1 โปรแกรมที่ใช้ควบคุมอุปกรณ์รับส่งสัญญาณไร้สาย
	ก.2.2 โปรแกรมที่ใช้คำนวณหาตำแหน่งวัตถุ
	ก.2.3 โปรแกรมที่ใช้คำนวณหาฟังก์ชันที่เหมาะสม


	
	ภาคผนวก ข

	
	ภาคผนวก ค




