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SYSTEM DESIGN

Indoor positioning systems have become very popular in recent years. This is a
service that takes advantage of wireless communication technology to provide
location information services. There are many real world applications that depend on
the indoor positioning system. To name a few, tracking, location detection of medical
personnel or equipment in a hospital, one can consider the location detection of
products stored in a warehouse, location detection of firemen in a building on fire, etc.
For the indoor positioning system, accuracy and precision of the location
determination are keys of the performance evaluation of the system. These
performances metric is influenced by how the optimal reference nodes (RNSs) are
installed. This thesis proposes an optimization technique that can be used to optimize
the placement of the reference nodes and improve the location determination
performance. The proposed reference node placement problems are formulated as
Binary Integer Linear Programming (BILP) models. The proposed problem
formulations were solved by IBM ILOG CPLEX Optimization Studio and

Simmulated Annealing.
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3X1+2X2+S3=18 (2.13)
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M319% 2.5 duilszansveannadulsTunodvianlul

aulsya p duilszansves L A
ANMIN RGEITRTPR )
U Z X, X, S, S, S,
Z 0
S, 1 0
X, 2 0 0 1 0 12 0 6
S, 3 0

[

r'd | 9 ] 9

ao luvhIvdulszansves X, lunnidu flu o Wanua Foih 17 Tasldgaseail
1 a o a £ v Jd o [ 1

uoa vy = o uaw — (Fuilszanslunsdunman x uadvanlvy)

a @ a £A (% v o A o a 24 [ A
NWITUULDD (0) quilseansnasanuaeauananrsedulseansnasany X, A0 -5

197 (0) 1113 = 11972 (0) 18N — [(-5) x LaIVan 11Y]




33
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¢ dvar int ¢[RN] in 0..1;
S dvar int s[TP][RN] in ¢..1;
ﬁsﬁﬁ’r’u’i’mﬂi LEaf //Objective function
quN15(3.1) Minimize sum(j in RN)e[j];
A .
Fou'ly subject to {
aUNII(3.2) ctd: forall(j in RN) forall (i in TP) s[il{j1*(pli][j]-pt)>=0;
HUMS(3.3) ct3: forall (i in TP) sum (j in RN) s[i]{jl>=N;
AUNI(3.4) ctl: sumfj in RN) cj} »= N;
FUMI3.5) ct2: forall(j in RN) forall (i in TP) s[i}[jl<=c[j];
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fauN15(3.4) ctl: sumfj in RN) ¢[j] >= NR;
TUNII(3.5) ci2: forall(j in RN) forall (i in TP) s[i][jl<=cljl;
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Tauf
ko fe Waddumsnagungi
T, Ao gumgiiGuduminy 100
3.425  SHRaunbu (pseudo code)
Begin

Select an initial solution S;
Select an initial temperature £,>100;
Select a temperature reduction function £;
Repeat
Repeat WHILE check = no;
Randomly S; € (S0=random in 110 bit) at bit “1” equal number of N,
and at bit ‘0’ equal (110- N, .} ;
if S, in all condition;
then  Evaluate S, in objective MSMR,;
check = yes;

Endif

End repeat




END
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Repeat WHILE iteration count M<1000
Repeat for loop 1 to 10
generate N(5,), to swap in 2 bit of §, are new S,;
if N(S,K{n) in all condition;
then N_S, (n)=N(S,)n);
Endif
Endfor
Randomly select § € N_S0;
AE = flS)AS);
if AE <0,
then 5, =5}
L8 =18
iff S>71 max;
then f max=f S,

M=10;
else M=AM+1;
Endif
else

generate random ‘x’ uniformly in (0,1);
if x <™,
Then §,=8;
18, =15
M=M+1;
Endif
Endif
End repeat
Set =100 ™™
End repeat

End repeat, S, is the approximation to optimal solution
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M358 4.1 wamanuaaanaonlumsvendwrisingi lannmsnaassluiunIdusms

WA 1
dumuainag fuvirkafin1d T P e (14N3)
239 MNR MSR MSMR MNR MSR MSMR
(57,27) (60,30) (60,30) (60,25) 4.24 4.24 3.61
(20,63) (20,65) (20,65) (20,65) 2.00 2.00 2.00
(8,72) (0,75) (10,75) (10,75) 8.54 3.61 3.61
(53,42) (55,45) (50,50) (55,45) 3.61 8.54 3.61
(56,74) (60,75) (60,75) (50,75) 4.12 4.12 6.08
(72,22) (75,20) (75,15) (75,25) 3.61 7.62 4.24
(42,57) (40,60) (40,60) (40,60) 3.61 3.61 3.61
(11,57) (10,60) (10,60) (15,60) 3.16 3.16 5.00
(12,29) (15,30) (10,30) (10,25) 3.16 2.24 4.47
(20,43) (20,45) (20,45) (20,40) 2.00 2.00 3.00
(64,6) (65,5) (75,0) (65,5) 1.41 12.53 1.41
(20,5) (15,0) (20,0) (15,0) 7.07 5.00 7.07
(62,35) (65,40) (75,45) (65,35) 5.83 16.40 3.00
(19,59) (20,65) (20,55) (20,55) 6.08 4.12 4.12
(70,71) (70,75) (70,75) (70,70) 4.00 4.00 1.00
(27,10) (25,10) (25,5) (30,5) 2.00 5.39 5.83
(15,43) (15,45) (15,45) (15,45) 2.00 2.00 2.00
(19,36) (20,30) (25,30) (15,35) 6.08 8.49 4.12
47,1) (50,0) (50,0) (50,0) 3.16 3.16 3.16
(35,73) (35,75) (35,75) (35,75) 2.00 2.00 2.00
mide 3.88 5.21 3.65
Min, Max | 1.41,8.54 | 2.00,16.40 | 1.00, 7.07
SD 1.94 3.80 1.57




81

Y
[

[ 1 H Y
dmSuiunltusmsuuui 2 MinwamInaaes T risIagimuuaIu 20

o ! 4 o 1 a g}.l o d {
auvig WenfseuieunnmslddumianaTuaseoenis 3 Taglszasd vingi 4.16 s

]
[

° =
UAULHTUIN

[

4.18 1IBNNITUININAUNALUDIAMINADIANADUVDITZHZN NN WNHUITAY T

9 YA a A ~ A 9 o ] Yy a [ o

ﬂ1ulﬂﬂ1ﬂﬂ1‘icl,°]5’3‘ﬁ3583@4?1@1@81«!11!@]151\1% 4.2 ﬂTﬁLafJﬂcl‘lf@nl,muﬁTuﬂﬁ)N’ENmﬂ’]ﬂqﬂ‘i%ﬁﬁﬂ
Y o 1 Y= ' 9 o ] Yy a

MSMR i]3114amiauﬂumiizumumm‘lﬂﬂm1msGlﬁvm!,muq’nwaﬂuﬂmammﬂ

o 24 2 A A J o A A

ﬂqﬂi%ﬁ\‘iﬂ@u G]N!i]f)‘l/‘lmiﬂﬂﬁ]1ﬂﬂ1'§“l/13ﬂ%uﬂﬁll%ﬂuﬂ\iﬁxﬁhﬂlﬂﬂi%ﬂ%ﬂﬁﬂﬂlﬂﬁ@uﬁlugﬂ‘ﬂ

< Y1 1Y 4 Y Y o T A ' 9
4.19 QZLW‘L!VI,@YJ'I ’mqﬂizmﬂ MSMR fl]$1ﬂﬂ31ugﬂﬁﬂﬂGl,‘Llﬂﬁizuﬁ'l!l,ﬂuil‘l/]ﬂﬂ’ﬂﬂﬁ%f

o 1 Yy a A
R AT T NGNS TS Ty

W [N

fan) <o

T

+

w’%e
1

n
+ o+
+ H—

4( T
é:;( + 4 + A
- + +

2( +

[
O

= = = .
+
- +k +

v+ VY
L

R VO
.

20
X-axis (m)

| — Signal test point * Selected RN X Actual location O Estimated location |

B
o
i
o

60

()
—_
o

~ o 1 @ a o o 1 @ A Y Jo o J
gﬂ“l/l 4.16 GlHm‘1!\1"U’E)\‘1’JGI’L]%‘i\iﬂ‘UGlHmL!\1"U’EN’JG]QﬂﬁWI‘lﬂ‘l}Wﬂﬁiﬂ%u’JﬁQﬂigﬁﬁﬂ MNR

1 ] '
unHuSMsuuun 2)



0 10 20 30 40 50 60
X-axis (m)

| - Signal test point * Selected RN X Actual location O Estimated location |

‘]J‘ﬁ 4.17 G]”ILL‘HHQGUE’N’N]Qﬁ]i\1ﬂ”LI@]1LL‘H‘LN‘]JE’]Qﬁﬁﬂ%ﬂ"lllﬂinﬂﬁ\iﬂ%u’maﬂi E‘Nﬂ MSR

(Wl.!‘l/lclﬂ’lJ'iﬂ”lﬁl,L'U”]J'ﬂ 2)

60 K N } ] .
P\ N X + 0¥
5+ + O+ + o+ X%+ o+ o+ .
€, + o+ F o+ o+ 4
ad” T e o+ + %9
g i e;\*( + o+ 4
%30 ot $ + + + T
s + o+ o+ o+ 1
20 + + o+ 0
+ *‘\e + >9
1¢ +
N e
0 10 20 30 10 50 60
X-axis (m)

| ~+ Signal test point * Selected RN X Actual location O Estimated location |

~ o ] % Aa o o ] @ ~ 9 o o 4
5UM 4.18 Auisvesingasanudwmiiaesiag i ldanlansuingusgaed MSMR

9 v v
unTiuSMstuun 2)

82



A 7o A &
EL]J‘VI 4.19 1710ﬂ‘]fumi!,l,i]ﬂumﬁxﬁwumizﬂzﬂmmﬂaauﬂlm‘wu‘ﬂ

Service Area 2

Cumulative Distribution Function

MSMR| T

Error distance (m)

=

83

Y a A
HUINTUUUN 2

13190 4.2 wammmﬂmmﬂﬁauiumi‘uaﬂﬁumﬂqj"ﬁqﬁ"lﬁ’mﬂmimaaﬂmﬁuﬁ RTINS
it 2
MUTUS fuvkafin1g T ey (1N3)
Tngesa MNR MSR MSMR MNR MSR MSMR
(44,45) (50,45) (50.45) | (35,35 6.00 6.00 13.45
(8,51) (10,59) (10,59) | (10,50) 8.25 8.25 2.24
(38,41) (20,55) (3555) | (35,40) 22.80 14.32 3.16
(6,46) (1,45) (5.,45) (5.,45) 5.10 1.41 1.41
(17,52) (15,55) (15,59) (10,59) 3.61 7.28 9.90
(58,40) (60,40) (60,40) (60,40) 2.00 2.00 2.00
(58,11) (60,15) (10,59) (60,15) 4.47 67.88 4.47
(10,43) (5.,45) (5.,45) (1,45) 5.39 5.39 9.22
(58,17) (60,15) (60,15) | (60,15) 2.83 2.83 2.83
(49,6) (50.5) (50.5) (50.5) 1.41 1.41 1.41
9,50) (10,59) (10,59) (10,50) 9.06 9.06 1.00
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131971 4.2 wammmﬂmmﬂﬁeuiummamshumiﬁﬂqﬁHmﬂmﬁmamﬁluv‘vguﬁ AUTNS
w2
AU furirkafinn1d T P e (1HN3)
119939 MNR MSR MSMR MNR MSR MSMR
(22,56) (15,45) (10,55) | (20,59 13.04 12.04 3.61
(55,20) (60,15) (60,20) (60,20) 7.07 5.00 5.00
(29,51) (25,55) (20,50) (30,59) 5.66 9.06 8.06
(46,31) (50,35) (50,25) (40,35) 5.66 7.21 7.21
(40,32) (50,35) (40,30) (40,30) 10.44 2.00 2.00
(12,54) (10,59 (10,59) | (10,59 5.39 5.39 5.39
(30,58) (40,59) (15,50) | (30,59 10.05 17.00 1.00
(43,9) (45,5) (45,5) (45.5) 4.47 4.47 4.47
(46,16) (45,5) (50,5) (50,15) 11.05 11.70 4.12
Aunde 7.19 9.98 4.60
1.00,
Min, Max | 1.41,22.80 | 1.41,67.88
13.45
SD 4.81 14.30 3.4
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A Y a

nlvusms
WA 3
AMUTUS fuvirkafin1d T e ey (1HN3)

eGLOEN MNR MSR MSMR MNR MSR | MSMR
(67,1) (70,0) (70,0) (70,0) 3.16 3.16 3.16
(75,8) (70,10) (80,5) (70,10) 5.39 5.83 5.39
(60,1) (65,0) (60,0) (60,0) 5.10 1.00 1.00
3,1 (5,0) (0,0) (0,0) 2.24 3.16 3.16
(27,3) (15,0) (75.,5) (25,5) 12.37 48.04 2.83
(55,8) (55,10) (35,10) (50,10) 2.00 20.10 5.39
(46,2) (45,0) (45,0) (40,5) 2.24 2.24 6.71
(48.,9) (50,10) (40,10) (50,10) 2.24 8.06 2.24
(12,6) (0,5) (0,5) (5,5) 12.04 12.04 7.07
(30,10) (44.35.,40) (25,5) (30,10) 33.26 7.07 0.00
(82,1) (85,0) (85,0) (80,0) 3.16 3.16 2.24
(39,5) (60,5) (65,5) (40,5) 21.00 26.00 1.00
(88,9) (89.35,5) | (89.35,10) (85,10) 4.22 1.68 3.16
(58,36) (89.35,10) | (59.35,40) | (54.35,40) 40.73 4.22 5.42
(44,26) (44.35,35) | (44.35,20) | (44.35,35) 9.01 6.01 9.01
(55,30) (70,10) (54.35,35) | (54.35,35) 25.00 5.04 5.04
(57,21) (59.35,30) | (59.35,20) | (59.35,30) 9.30 2.55 9.30
(15,9) (15,10) (10,5) (10,5) 1.00 6.40 6.40
(45,41) (10,10) (80,10) (49.35,40) 46.75 46.75 4.46
(50,14) (54.35,25) (55,10) (45,10) 11.83 6.40 6.40
Minde 12.60 10.95 4.47

Min, Max 1.00, 46.75 | 1.00,48.04 | 0,9.30
SD 13.69 13.91 2.60
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NUIUYA . - dumisiin 18 MANUAIAATOU (A7)
AT UIING VT
nagaoUy simulation | measurement | simulation | measurement
1 (12.5,10) (12.5,10) (12.5,10) 4 0
2 (25,10) (25,10) (25,10) 4 0
3 (37,10) (37,10) (37,10) 0 0
4 (54,10) (54,10) (66,10) 0 12
5 (74.5,10) (74.5,10) (74.5,10) 0 0
6 (4.50,24) (4.50,24) (4.50,24) 4 0
7 (15,29) (15,29) (15,25.5) 0 3.5
8 (17.5,24) (17.5,24) (17.5,24) 0 0
9 (21,18) (21,18) (21,18) 0 0
10 (37,18) (37,18) (37,18) 0 0
11 (56.5,21) (56.5,21) (56.5,21) 0 0
12 (70.5,20) (70.5,20) (70.5,20) 0 0
13 (62.5,24.5) (62.5,24.5) | (62.5,24.5) 0 0
14 (70.5,36.5) (70.5,36.5) (70.5,33) 0 35
15 (56.5,41.5) (56.5,41.5) | (56.5,41.5) 0 0
16 (62.5,53) (62.5,53) (62.5,53) 0 0
17 (70.5,64) (70.5,64) (70.5,64) 0 0
18 (56.5,63) (56.5,63) (56.5,63) 0 0
19 (42,71) (42,71) (42,71) 0 0
20 (38,63) (38,63) (42,63) 0 4




103

M3 17 4.6 wamanuamamaoulumsszydumieiag (@o)

NUIUYA . - dumisiin 18 MANUAIAATOU (A7)
AT UIING VT
nagaoUy simulation | measurement | simulation | measurement
21 (35,57.5) (35,57.5) (43,57.5) 0 8
22 (23.5,67) (23.5,67) (23.5,67) 0 0
23 (11,71) (11,71) (17.5,69.5) 0 6.67
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28 (1,57.5) (1,57.5) (1,57.5) 0 0
29 (4.50,40) (4.50,40) (4.50,44) 0 4
30 (28,30) (28,30) (28,30) 0 0
A 0.47 1.39
Min, Max 0,4 0,12
SD 1.26 2.94
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$1994 Sanchez, D., Quintana, M.,A., and Navarro, J.,L.(2009)

NN ' furlafinld MANUNIIANADY (NAT)
AU — —
90 . NUIWD1999 NUIV91994
779959 | MSMR(RN=4) MSMR(RN=4)
naaey (RN=3) (RN=3)

1 (52,7) (51,9) (63,6) 2.24 11.05

2 (58,1) (63,3) (63,3) 5.39 5.39

3 (3,9 (3,9) 3,9 0.00 0.00

4 (58,6) (57,6) (60,6) 1.00 2.00

5 (40,7) (39,9) (42,3) 2.24 4.47

6 (7,7) (3,9) (15,9) 4.47 8.25

7 (18,6) (18,6) (18,6) 0.00 0.00

8 (35,3) (36,3) (36,3) 1.00 1.00

9 (61,7) (60,3) (57,3) 4.12 5.66
10 (61,2) (63,3) (63,3) 2.24 2.24
11 (7,8) (3,9) (12,9) 4.12 5.10
12 (62,1) (57,0) (63,3) 5.10 2.24
13 (61,3) (60,3) (60,3) 1.00 1.00
14 (31,1) (33,3) (33,3) 2.83 2.83
15 (51,1) (54,3) (54,3) 3.61 3.61
16 (2,5) (3,6) (3,6) 1.41 1.41
17 27,7 (27,9) (30,9) 2.00 3.61
18 (20,4) (21,6) (18,3) 2.24 2.24
19 (50,5) (45,6) (45,6) 5.10 5.10
20 (1,1) (6,0) (0,3) 5.10 2.24
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$1994 Sanchez, D., Quintana, M.,A., and Navarro, J.,L.(2009) (99)

wawm | fumiafin1d A NAIIANADY (11A3)
AT — —
90 .- NI NUIND 1904
M9939 | MSMR(RN=4) | = _ MSMR(RN=4)
nageu 91999(RN=3) (RN=3)

21 (28,8) (27,9) (30,9) 1.41 2.24
22 (25,3) (24,3) (30,3) 1.00 5.00
23 (49,6) (51,6) (48.,6) 2.00 1.00
24 (51,7) (54,9) (63,6) 3.61 12.04
25 (12,9) (12,9) (12,9) 0.00 0.00
26 (33,10) (30,9) (36,9) 3.16 3.16
27 (29,6) (27,6) (27,6) 2.00 2.00
28 (41,2) (42,3) (42,3) 1.41 1.41
29 (45,2) (48,3) (45,3) 3.16 1.00
30 (48,3) (48,3) (48,3) 0.00 0.00
31 (18,9) (18,9) (18,9) 0.00 0.00
32 (43,3) (45,3) (42,3) 2.00 1.00
33 (42,9) (42,9) (42,9) 0.00 0.00
34 (11,3) (12,3) (12,3) 1.00 1.00
35 (8,10) 9,3) (6,9) 7.07 2.24
36 (32,4) (33,6) (30,3) 2.24 2.24
37 (61,2) (63,3) (63,3) 2.24 2.24
38 (22,3) (21,3) (21,3) 1.00 1.00
39 (37,7 (39,9) (39,9) 2.83 2.83
40 (15,5) (15,6) (9,6) 1.00 6.08
41 (54,8) (54,9) (51,9) 1.00 3.16
42 (40,4) (39,6) (24,9) 2.24 16.76
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$1994 Sanchez, D., Quintana, M.,A., and Navarro, J.,L.(2009) (99)

Swou | fumafin1d AMANIAMIANADY (1IAT)
AT . — =
90 .- NUIWD1909 NUIE91994
M9939 | MSMR(RN=4) MSMR(RN=4)

naaay (RN=3) (RN=3)
43 (23,3) (21,3) (24,3) 2.00 1.00
44 (33,5) (36,6) (33,6) 3.16 1.00
45 (26,1) (27,0) (24,0) 1.41 2.24
46 (5,2) (3,3) (9,0) 2.24 4.47
47 (15,10) (15,3) (18,9) 7.00 3.16
48 (8,10) 9,3) (6,9) 7.07 2.24
49 (12,6) (12,6) (12,6) 0.00 0.00
50 (16,1) (15,0) (15,3) 1.41 2.24
51 (27,3) (27,3) (27,3) 0.00 0.00
52 (4,4) (6,6) (6,3) 2.83 2.24
53 (57,9) (57,9) (57,9) 0.00 0.00
54 (60,1) (57,0) (60,0) 3.16 1.00
55 (31,1) (33,0) (36,3) 2.24 5.39
56 (31,2) (33,3) (33,3) 2.24 2.24
57 (22,7 (21,9) (24,9) 2.24 2.83
58 (57.8) (57,9) (57,9) 1.00 1.00
59 (24,7) (24,9) (24,9) 2.00 2.00
60 (8,5) (9,6) (9,6) 1.41 1.41
Ainad 2.28 2.84

Min, Max 0,7.07 0,16.76
SD 1.78 3.06
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Error distance (m)

{ (QI 4 ¥ d‘ a v
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Sanchez, D., Quintana, M.,A., and Navarro, J.,L.(2009)

13199 4.8 WSeuevaussouzvodszuun 19 uas19949 4 Tuauaz 3 Tua

AMUYNADINAY A oo
M3 14 Tua , 4 ANNUNUENTTeE 3 | anuuluuiNszey
Yy - (AMANYAAIAAADY
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$1994 Kaemarungsi, K., and Krishnamurthy, P. (2004)

wow | fumiafinlg MANINAIANADY (NAT)
AU o -
290 . NUIVWD1999 NUIVe91909
M9939 | MSMR(RN=4) MSMR(RN=4)
nAeL (RN=4) (RN=4)
1 (18,13) (21,15) (18,15) 3.61 2.00
2 21,7) (21,3) (21,6) 4.00 1.00
3 (19,2) (18,6) (18,0) 4.12 2.24
4 (30,23) (30,21) (30,21) 2.00 2.00
5 (5,13) (3.12) (6,15) 2.24 2.24
6 (13,6) (12,6) (15,6) 1.00 2.00
7 (4,10) 3.9 (3,9) 1.41 1.41
8 (26,1) (27,6) (27,3) 5.10 2.24
9 (34,13) (33,15) (33,15) 2.24 2.24
10 (17,23) (18,18) (15,21) 5.10 2.83
11 (36,6) (36,6) (33,0) 0.00 6.71
12 (30,23) (30,21) (30,21) 2.00 2.00
13 (31,16) (30,15) (33,15) 1.41 2.24
14 (22,10) (21,9) 21,12) 1.41 2.24
15 (6,4) (6,6) (12,9) 2.00 7.81
16 (15,12) (15,12) (15,12) 0.00 0.00
17 (36,16) (36,15) (36,15) 1.00 1.00
18 (23,11) (24,12) (24,12) 1.41 1.41
19 (7,16) (0,18) (3,21) 7.28 6.40
20 (27,22) (21,21) (27,21) 6.08 1.00
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$1494 Kaemarungsi, K., and Krishnamurthy, P. (2004) (Sﬁi’ﬂ)

. o dumafimg R TIT e ey (11N3)
NUINYA | A — —
. NUIWD1909 NUIWD1909
nAgeL Mg939 | MSMR(RN=4) MSMR(RN=4)
(RN=4) (RN=4)
21 (10,5) 9,6) (9,3) 1.41 2.24
22 9,17) 9,18) (3,21) 1.00 7.21
23 (25,11) (27,12) (27,12) 2.24 2.24
24 (32,4) (33,3) (30,3) 1.41 2.24
25 (13,14) (12,15) (6,21) 1.41 9.90
26 (29,14) (27,15) (30,15) 2.24 1.41
27 (25,5) (27,6) (36,9) 2.24 11.70
28 (1,17) (3,18) (3,18) 2.24 2.24
29 (23,6) (21,3) (21,9) 3.61 3.61
30 (15,22) (15,21) (12,18) 1.00 5.00
31 (34,7) (30,3) (27,3) 5.66 8.06
32 (26,18) (24,18) (24,18) 2.00 2.00
33 (18,5) (18,3) (21,3) 2.00 3.61
34 (16,7) (18,6) (15,3) 2.24 4.12
35 (18,3) (18,3) (18,3) 0.00 0.00
36 (29,14) (27,15) (30,12) 2.24 2.24
37 (5,9 (3,9 9,9 2.00 4.00
38 (30,13) (27,12) (30,12) 3.16 1.00
39 (19,20) (18,21) (18,21) 1.41 1.41
40 (2,15) (3,15) (0,12) 1.00 3.61
41 (32,17) (30,21) (33,18) 4.47 1.41
42 (21,14) (21,15) (27,18) 1.00 7.21
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$1994 Kaemarungsi, K., and Krishnamurthy, P. (2004) (Sﬁi’ﬂ)

CALTRLY ' Auvniafinld MANUAIIANADY (NAST)
AU o —
90 . NUIWD1999 NUIVB19949
779939 | MSMR(RN=4) MSMR(RN=4)
naaey (RN=4) (RN=4)
43 (35,6) (33,6) (36,3) 2.00 3.16
44 (26,16) (27,18) (24,15) 2.24 2.24
45 (22,2) (21,3) (21,3) 1.41 1.41
46 (31,15) (30,15) (33,12) 1.00 3.61
47 (33,16) (36,15) (36,15) 3.16 3.16
48 (37,17) (36,18) (36,18) 1.41 1.41
49 (1,21) (3,21) (6,18) 2.00 5.83
50 (33,23) (33,21) (36,21) 2.00 3.61
51 (23,18) (24,18) (24,18) 1.00 1.00
52 (37,14) (36,15) (36,15) 1.41 1.41
53 (20,22) (21,18) (18,21) 4.12 2.24
54 (18,14) (21,15) (18,15) 3.16 1.00
55 (30,1) (30,6) (36,9) 5.00 10.00
56 9,3) 9,3) 9,3) 0.00 0.00
57 (19,20) (18,21) (18,21) 1.41 1.41
58 (34,12) (33,12) (33,12) 1.00 1.00
59 (22,20) (24,18) (21,21) 2.83 1.41
60 (32,5) (33,3) (30,6) 2.24 2.24
Aunad 2.27 3.06
Min, Max 1,7.28 1, 11.70
SD 1.54 2.58
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On the Impact of Reference Node Placement in
Wireless Indoor Positioning Systems

Supattra Aomumpai and Chutima Prommak

Abstract—This paper presents a studyof the impact of reference
node locations on the accuracy of the indoor positioning systems. In
particular. we analyze the localization accuracy of the RSSI database
mapping techniques. deploying on the IEEE 802.15.4 wireless
networks. The results show that the locations of the reference nodes
used in the positioning systems affect the signal propagation
characteristics in the service area. Thisin turn affects the accuracy of
the wireless indoor positioning system. We found that suitable
location of reference nodes could reduce the positioning error upto
35 %.

Keywords—Indoor positioning systems. TEEE 802.15.4 wireless
networks, Signal propagation characteristics

I. INTRODUCTION

RELESS sensor network technologies have developed

continuously. The sensor technologieshave several
advantages such as low cost, small size, and low power
consumption with capabilities to measure and store data from
practicalsitescorrectly. The sensors are designed toself-process
and are capable to communicate by using wireless
transceivers. The wireless sensor technology has been applied
in many areas.One of the promising applicationsis to identify
the location of objects within the building.

Localization accuracy is one of the most important
performance indicators of the indoor positioning systems.
Thus, in the designing of the systems the network designers
should pay attention onthe efficiency of the system's location
within the building. Due to the limitations of wireless sensor
networks that are available, the sensor metwork nodes are
typically resource constraintsfor instance the size of the
processor, the number of the memory.and the power supply.
The radius of the communication areawasalso limited. This is
why it is important to consider the appropriate indoor
positioning of the referencenodes in the service area.

Mostliteraturefocused on the study of techniques and
systems to locate objects within the building using the IEEE
802.15 .4 wireless networks.[1] studied the factors affecting the
received signal strength (RSS)with Tmote Sky node for
finding a wireless sensor network. [2] studied the relationship
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of the positioning systems in wireless sensor networks with
comparison to the methods used to locate objects and how to
measure RSS with how to convert from time to receive packets
from reference nodes. Time of Arrival is used to calculate
theCramér-Rao Bound. [3] studiedhow the systemto locate
objects within the building, and estimate the distance by
measuring the intensity signals strength. [4] presented the
fingerprinting technique to create signal strength database and
[5] developed a system where the standard hypothesis testing
by measuring the RSS distribution of interest area in order to
obtain the probability density function (probability density
function: pdf) of the RSS in the position of the cluster-
head.[6]presented some experimental results to explore
different environment parameters of access point placement
that impact localization error of WLAN indoor positioning
system. And [7] proposed the algorithm requiring a strategic
placement of nodes in each room by using new range-free
solution based on simple RSSI measurements.

From the literature review. most of themwere interested in
the impact of nodes placement and only studied the problem of
designing networks that aim to increase the efficiency of the
localization system but not consider the optimal reference
nodes placement of wireless sensor network. Therefore, this
paper presentsa novel approach which differs from the
literature by analyzing the effect of reference nodes placement
for the location accuracy inside buildings. The remainder of
this paper is organized as followed. Section II presents the
indoor positioning techniques. Section IIT presents the analysis
of RSS distribution of the reference nodes in building. Section
VI shows the measurement result and the analysis of the
accuracy of the location of the references nodes in
variousconfigurations.Finally, section V concludes the results
and guidelines for research in the future.

II. INDOOR POSITIONING TECHNIQUE

Indoor Positioning techniques can be achieved in several
ways.

The technique can be divided into two main categories,
namely, the principles of the triangle (Trilateration) and
matching the signal strength in the reference database (RSSI
Database Mapping) [3.4].The trilateration techniques calculate
the positions by using the intersection of the circle which is the
location of the object.

There are several ways to find the radius of the circle, for
example, [8] converted the signal strength at the receiving end
from reference nodes,converted time to receive packets from
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reference node (Time of Arrival) [8] or converted the received
signal from the node reference (Angle of Arrival).

By matching the intensity of the signal in order to locate the
position of an object, the database is created. The intensity of
the signal of the node reference in the area is called the finger
printing. By installing four reference nodes (A. B. C. D) within
the buildingas shown in Fig. 1.the positioning system
determines the location of the object by matching the signal
strengthreceived from the reference nodes with the signal
strength in the fingerprinting database.Matching algorithm of
the signal strength by the distance, namely.the Euclidian
Distance [9] and Manhattan Distance [10] are used to
achievethe signal strength matching.

The most commmon pattern classification technique is
distance based techmique such as the Euclidean distance
between the sample of RSSI pattern and the location
fingerprints. The location association with the fingerprint that
has the smallest Euclidean distance(d,) is retun as the

location i estimate of the location of the object:

Where (ff denotesEuclidian distance, n denotesthe number
of reference nodes. X, denotesthe receiving signal strength

. - i o .
from reference node k and ydenotesthe receiving signal

strength database from reference node * at location i
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Fig. 1 The positioning system using 4 reference nodes

III. EXPERIMENTAL SETUP

This paper aims to analyze the effect of positioning a
reference node for the accuracy of the location in indoor
positioning system of wireless sensor network. Euclidean
distance i1s used for matching the RSSI in the reference
database which was created to store the signal intensity at
different positions (Finger printing). In this paper, the building
with 70 mx80 mand 4 and 8 reference nodeswhich are A, B. C,
Dand A. B, C, D, E., F, G, H. andeightdifferentconfigurations,
as shown in Fig. 2 and 3 are used.

450

We obtained the RSSI database (Finger printing) from the
measurement within the area of the experimental setup. In the
experiment. total of 152 pointsof signal test points with grid
spacing of4 m, and the RSS values at various points with 10
times of measurement are applied. then the graphical results of
the distribution of RSS from each reference nodes placement
formsare shown in Fig. 4-11.

Considering the pattern of four reference nodes placementas
shown infig.2.the location of reference nodes incontfiguration
lgives the distribution of RSS (fig. 4) in the range of -30 dBm
to -100 dBmwhich rather proper than any other configuration.
The distribution of RSS of each reference nodes is
symimetric. Similarly in fig. 5. the distribution of the RSS of the
node in configuration 2 ranges from -50 dBm to -100 dBm. It
can be seen that the RSS values of each reference nodes yields
different characteristics. Configuration3 (fig. 6) shows the
distribution of RSS in the range -30 dBm to -100 dBm. It can
be seen that the RSS measurement from four reference nodes
gives the maximum at about -80 dBm, and fig. 7 shows the
distribution of RSS of the node in configuration 4that
distribution of RSS 1s in the range of-60 dBm to -100 dBm. It
can be seen that value of RSS measurement from each
reference nodes is less than other configurations.

Considering the 8-reference nodes from the fig. 3. it’s can
be seen that the location of reference nodes in configuration 5
gives the distribution of RSS (fig. 8) in the range of -30 dBm
to -110 dBm whose RSS is stronger than that of the other
formats (configuration 6, 7, 8).shown in fig. 9, 10, 11.
Moreover. the RSS distribution of each reference node in
configuration 5 issymmetric.

7.;.'[‘_ |

(a)('fonﬁgufarionl

(c)Configuration3

Fig. 2 Locations offour reference nodes
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IV. EXPERIMENTAL RESULTS AND ANALYSIS

In our experiments, wemeasured the RSS values for each
configuration of reference nodes as discussed in Section III.
The average values of RSSI are recorded in the finger-printing
database. This database is used to determine the location of the
object by matchingthe RSS that the object receives from the
reference nodeswith the RSS value in the database and
computing the Euclidean distance. In the experiments,the
B ‘ o o e accuracy of the locationswasanalyzed and compared among

(a) (-o;lﬁgmmionﬁb) C"onﬁgurérioné " different configurations of the reference nodes placement. We
conducted the test to determine ten locations of objects as
shown in fig. 12.

Table I shows the error from the location determination.
When using fourreference nodes, we can see that the
configuration lvields the highest accuracy. The margin of
minimum error is 0 m., average error is 3.75 m., maximum
error is 9 m. and the standard deviation is about 2.46 m.In case
of using eight reference nodes. the configuration 5 yields the
highest accuracy; the average errors is 3.47 m., the maximum
b E ¢ T .| e error is 7.5 m., and the standard deviation is about 2.33 m.We

e ;_' =apgbens b ool ’T can see that as the number of reference nodes increases the
(¢) Configuratian? (@) Configurations location accuracy improves.The results show that the suitable
location of reference nodes could reduce the positioning error

Fig. 3 Locations ofeight reference nodes

up to 35 %.
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reference nodes(fig. 4-7 and fig. 9-11). The node placement

. . K , . referring to the symmetry of RSS distribution as shown in
estimated locations are compared. It is the results from using o the sy ’ .
configuration 5 increases the accuracy and reduces location

the reference node placement in Loung_ma_nou_., (fig.3 a) . errors of the objects which optimize by the technique of
In order to evaluate the RSSI distribution proposed in  jhaiching the RSSL

Section 3, The reference nodes placement on the configuration

5 (Fig. 3 (a)) that is the distribution of RSS from the each

In fig. 12, the actual locations of the objects and the

reference nodes (A. B, C. D, E. F. G, H) gives a symmetry 5
which is similar to the distribution of RSS in Fig. 8 while 70
comparing to distribution of RSS from using four and eight
6l |
| "'.:‘ | @ \b.Sh
TABLEI o il ) .
COMPARE THE ACCURACY OF LOCATION ZalY !)g
Reference node Error (meter) ’g
placement Min Mean | Max SD ,'.3 * 0w
Configuration] 0 375 9 [ 2460 T on
Configuration 2 1 9.80 27 8.506 ) B 58
Configuration 3 2 5.80 16 | 4570 ‘ ey o o
Configuration 4 0 6.10 18 5.310 01 f f f
Configuration 5 0 347 7.5 | 2.333 ¢ 1w 22 J 49 0 O W &0 =0
Configuration 6 0 520 | 18 | 4.969 X-coordinate {m)
Configuration 7 2 4.15 115 3.090 O Actusllovation > Estimatid localion
Configuration 8 0 5.00 10 3.612

Fig. 12 Position estimation error
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V. CONCLUSION

Tn this paper, we analyzed the effect of the placement of a
reference node on the accuracy of the mdoor positioning
systems using the TEEE 802.15.4 wireless sensor networks.
The Euclidean distance technique was used in matching the
RSSI with the database that is created to store the signal
strength at different positions (fingerprinting). The results
showed that the location and the number of reference nodes
affect the localization accuracy. We also found that placing the
reference nodes at the intersection of corridors within the
building could reduce the positioning error up to 35 %
compared with others locations of reference nodes. Our
ongoing work investigates the optimal placement of reference
nodes for the wireless indoor positioning systems.
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Abstract

This paper presents an accuracy analysis of the indoor
positioning system via the IEEE 802.15.4 wireless networks. We aim to
study the effects of reference node locations on the accuracy of the
indoor positioning system using the RSSI database mapping technique.
The results show that locations of reference nodes used in the system
affect the signal propagation characteristics and suitable reference node

location can improve the accuracy of the indoor positioning system.
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