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Nowadays the outdoor positioning systems well-known are the Global
Positioning System (GPS) and the implementation of the cellular networks.
Unfortunately, the signals from GPS satellites and the transmission of cellular
networks are unsuitable for deploying location determination inside the buildings.
Because its weak GPS signal reception when there are Non-Line-of-Sight (NLOS),
while implementing the signal from the cellular networks is not sufficient to
effectively locate objects in indoor environments.

For wireless indoor positioning systems for multi-floor buildings, these
systems have a more complex indoor environment with the multi-layered. If the
placement of the reference nodes have insufficient coverage over the service area, the
indoor positioning systems will have a low quality of radio signal propagation. This
cause the problem of incomplete the received signal strength (RSS) vectors received
from the reference nodes. This can greatly affect the operations of the positioning
systems such as the computational procedures. Moreover, if the indoor positioning
systems are under unexpected situations such as RN failures, these failures can lead to

accuracy performance degradation and a lack of system reliability.



3

Therefore, this research proposes the development of the reference node
placement techniques for wireless indoor positioning systems in multi-floor building
using fingerprinting techniques, which can optimal placement of the reference nodes
are installed inside the building and can work under either the fault-free scenario or
the RN-failure scenarios. Furthermore, this research proposes the development of
localization technique for wireless indoor positioning systems in multi-floor building
based on fingerprinting techniques, which provide low computational complexity and
can reliably/robustly identify the location on which the object is located under RN-
failure scenarios. This is very useful for applications in various fields such as the

medical, the industry, the manufacturing and the services.
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EEY 1 Y] 9 ~ @ o [ A I'd
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(L1, 2007) mamnamhlumimumwmamuapm (Time of Arrival: TOA) (Wang, 2012)
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Sichitiu, 2006)



17

v

@ < <3| o o 4 4
A5 WumsedenNuduusuelsingnisaiaeiinass (doppler
= o ] 1 dy Y Y o I o
effect) (How et al., 2002) §43z DU YA nUunaIlazaodlsn1siauves GSP 1unan
Y o v 9 a " W <3 A A 1 A a
TagszuIzAUmALnIIAIEMINNIANmoaT 1T ARasveInsldsundasauanaunig
YIG9INIATY (carrier phase)

| J o I A {
< dayad ldnindiasavia: WuitmsnlddeyanisnenisTasasives

% v 1 [ a I'4 a o yw ¥ [ [

A FaanANIINAITImesaNriansn Taemrinlszinnilazerdomsiadoyanislu

(Measured internally) (Li et al., 2004) (Olson et al., 2000) 1%% M3 IATTEzMINAUNIN Tae 15
A < J A A o A ~ a

odometer H30 pedometer B4 UIATOINDIANTINITOVONTZIEN NN UWIMUSIAUNINNT AT

o 1 "y A Y] 1 I Y
IAAIANULTIAWYATOIIAAINLIN (accelerometer) 1Wuau

2.2.1.2 ¥IIMIOWANAHUS

g 4 2 & ~ P Ao Y Yy o '
SI,HGUHG]EJ‘L!‘VI’?(EN Lﬂumumauwi’;u3’gnmagamaﬂ A uaﬂwaya NiGHE

9 Y
CY =)

I a Y v a o 1 { o o o
ﬂ’a‘ugﬂu@uwﬂslvm‘umauﬂizummm IﬂEl‘ﬁaﬂym‘&iﬂ’]ﬁ'i/nﬁWHQJ@QQJHGI@HUﬁWNWiﬂi]'ILLHﬂ
Y
augtuuumsiauld 3 dszinnash
4 o [ o 1 {
< HUUFUINANLASHUUNTEIY: ﬁ']ﬁﬁ‘llig‘]_l‘]_lﬁglqlﬂulﬁuxiﬁﬁg‘]JLL‘]J‘]Jﬂ']ﬁ

=)

o 4 . 4 o (Y o @ a 4
NANULVUFUINAN (centralized) Lﬁﬁlﬁnlﬁ"iu\‘i3@Qﬂ1ﬂ1§ﬂﬂ%ﬂgﬁw131ﬂlﬁﬂﬁL fJTJ%I’f)fJ!LéI)'J
g T 9 A o Y1 A 1 o 1 = o Y A
%”Iﬂ‘l!l!%3ﬁ\ﬁli’)yﬁ'ﬂﬁﬂqﬂNWULﬂﬁf’Jslﬂstll@\‘liSi‘iJ‘iJll‘]JfNﬁuﬁﬂﬂﬁgﬂ\lﬁawﬂﬂﬂiﬁ FINTHUIN
Y
ﬂszmawaﬁnmuwmmq PNUIWIFTINAABAULNTN UL VU msssu@i’ummmﬂ
L. & o o o A oo ' o
igﬂgllﬂﬁ (remote localization) G]NmsmamiuaﬂymzummaJﬂﬂﬁqumuaz'lummxﬂums
o Y o A [} A 1 L 1 ~ o oA °
u”lulﬂsl,ﬁlfﬂﬂlﬂiﬂslﬂﬂﬂiﬂluﬂﬂiﬁﬂlu (Kaemarungsi, 2005) 111mmzmzumzumgmuwmqm
@ { [ ] @ o [ a o o a
HUUNTL19M (distributed) ﬁ@?tlﬁuﬁﬂﬂq%$ﬂ1ﬂ1§ﬂﬂ%}ﬂgﬁw1§1ﬂlﬂﬂﬁLLﬁ%ﬂTLuuﬂTi‘HW
Y
ﬁTL!WHQﬁIUﬂ@]’JL@Q (self-localization) Z’NNﬁchji}ﬁ$1JUllﬂﬂﬁﬁﬂ’ﬂugﬂﬁquq\iLLﬁ%LWNT%ﬂU
A 1 d’d [] .
msmnﬂmmum“lmg (Conti et al., 2012) (Wymeersch et al., 2009) (Yuan et al., 2011)
o 4 [ Y4 o ] [ o
’:’ Llunauy‘imuamuuﬁuwuﬁ: igﬂﬂiguﬁulﬂuﬂllﬂﬂﬁuﬂuim (absolute)

nuedIMIszudund lasordoszuunnan lasivua ldnoua1aniin 1y NI uvod

E]

a v

YUV GPS 9 Nnavosaruiieuiuiueu (How et al., 2002) (Joshi et al., 2008) (Millner et al.,
A ° ' v o & . 3 o ' vy
2009) YULNILVVILYAWMAUIMDUTURUT (relative) 91T unsszydwmialag l5doyave
Tuadhufies vielddoyavesdauiadon (Fang et al., 2007)
& LULDNNALAZLULTINUONY: TEUVTLYRUNUILUULONINA (non-

. o ] d' (= a 1 4 [ 1 o ] (% 9 [ x
cooperative) ﬁ@i3UUi%H@H!ﬁuQﬂU],MNﬂWiGIﬂGI’E]’?f’é]’dh'ﬂui$W31Q§I1llﬂu\1’3§li}ﬂﬁﬂﬂu G?N
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[ a 1 d‘ Y A 1 9 a 1 3/
Tuadagynluaszauisoaanedods lAfioun Tuad1999U0952 UUINIUY (Fang et al.,
2010) (Fluerasu et al., 2010) (Kaemarungsi et al., 2013) (Kodippili and Dias, 2010) (Riippel et al.,

9 9
2010) AU UUTEYAWNLNL 52N TITIRDINTANNATOUARN T YR IMV09 TUABI9DI 3D
4 v
dnanunede syezmssudedyanuvesluasisvineluoimszdesnwed msunud
19U3ns eIz uuTzyMuniau s wiionu (cooperative) ADTE UV TuATAgaI1T0
a 1 zﬂl zﬂ' 9 é (% v Y o g}/ 9 [
Aaradomsuazuani)asudoyadanuuaziula auiuanudesnslumsasounqudyaa

[ Y

9 a K 1o o A 9 a P o ] 9 o
¥o3Tuad19833e lis iy esnndeyamniimesidumuaingdesldlumsduianm
o [} Y Y] 9 = F) A A [} o [ g’/
duriadnsau lduanTuadagiiufos uaz Tuadedanegnieluszeziins dwluy

o ] ' A o = Y 3’, Y o 1 Aa =
FEUVTLYMUNUDUIIWNoAY Jeausa lineanugndeslunsseyduniang uagl
dsgansamlundnnuaseunguin@dnaae (Conti et al., 2012) (Sathyan and Hedley, 2013)
(Win etal., 2011) (Wymeersch et al., 2009) A39619401391UAFUHVUNTTNNUYBITEUVTY

9 H
auisTaemsnasanduaeulugiesmsswanduviisaas lddaasei 2.1

(%

M5NN 2.1 AI06NVBITLVVTLYAMNUIIAYNTUUNAIOTIINTOWANAULHU

Centralized or Absolute or Non-cooperative
Localization Area
Distributed Relative or Cooperative
GPS (Millner et al., 2009) Y / )
Distributed Absolute Non-cooperative Outdoor
(Djuknic and Richton, 2001)
GNSS (Fluerasu et al., o )
Distributed Absolute Non-cooperative Indoor
2010)
LORAN-C (Yinbing et al., ) )
Centralized Absolute Non-cooperative Outdoor
2011)
Cell phone (Pahlavan and ) .
Centralized Absolute Non-cooperative Outdoor
Krishnamurthy, 2013)
RFID (Riippel et al., 2010) ) ) )
Centralized Absolute /relative Non-cooperative Indoor
(Luca et al., 2006)
SPAWN (Conti et al.,
2012) (Wymeersch et al., Distributed Absolute /relative Cooperative Indoor
2009)
FACT (Sathyan and o ) ) Outdoor/
Distributed Absolute /relative Cooperative
Hedley, 2013) indoor
COLOR (Papapostolou et o ) )
Distributed Absolute /relative Cooperative Indoor
al., 2012)
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4 Y o J
2.2.2 malwlagmsaeaslimeiigniinnlszgnalda

4 { o o [ o ] (%

malulagnisdeas IFaengmiundszgnaldnuszuuszyduniaiaglu
o o a dy A Y a = ] 9 1 ~

Jaguiu amnsodwunTagiorsanausuiavesiunldusmsdanala 4 nguiaeFos

o o A A ] A A ] ' X
audaunvuaiuiaseunguiesllwiuin e 1) nieuieslimediuyana (Wireless
Personal Area Network: WPAN) 2) inSev1eosnuliane (Wireless Local Area Network:
WLAN) 3) 130910 1§ @105z duveuivatioalva (Wireless Metropolitan Area Network:
WMAN) t1ag 4) 193091815 a1829n319 (Wireless Wide Area Network: WWAN) SN UNIU0 4

maluladdeas iaenansdsgii 2.3

2.2.2.1 w3enelimediuynna (WPAN)
fAoszuunievededs 15aengnimualiegluuiasgiu IEEE 802.15.4
=S dal tﬂl 1T a = ) l:'d mtﬂ' \ 5 1
niunaseuaguilszinalinu 75 was vazlinesgiudesiiinaauianuanaiani w
K/ = tg A o 1 a
*%* TEEE 802.15.1(Bluctooth) INufinssinuasenaqulszuna lumu 10
d 4 . . 4 'Q
LUAT Lﬂummgmmsﬁamimeumu (narrow band communication) Gl%ﬂauﬂima’mq 2.4
@ < o U .
GHz naziionsnialunissudedoyailszuia 1 Mbps (version 1.2) (Pahlavan and

Krishnamurthy, 2013)
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+* IEEE 802.15.4 (ZigBee) Aomaluladmsdeansiitl I3 mssudatoya
i ﬁﬁ?uﬁmﬁﬁnmmamqwﬂazmm‘lmﬁu 751003 191452972105 1SM bands (the
industrial, scientific and medical bands) 1&11A $29AWA 868 MHz dmisuglsl F29ANNA 915
MHz dmSuansgensnuazooainsiae 1azs19n NG 2.4 GHz dmsuialan Tasiidnsnda
Tun1sSudadoyatniny 20 Kbps, 40 kbps 11ag 250 Kbps A0 @161 (Pahlavan and

Krishnamurthy, 2013)

2.2.2.2 nsevnanesdulZany (WLAN)
A A A 9 A o ' ~
AvszuuAI 00T 1T 15 d 10N 19IUegUUNIATFIU TEEE 802.11 Tas

= { A o [ <
Elﬂ?]ﬂ gMNIN Wi-Fi(WirelessFidelity)il‘ﬁu‘1/lﬂ1§‘1/l1@1uﬂ5@ﬂﬂqui%ﬂﬂﬂﬁﬂﬂﬁﬂ%@

A o
Yol

=

Wi Fafiuiyszua i 100 mas TAg1A3 91 IEEE 802.11 Ti11a3g 1d0e3ad
ﬂ1516195"’3%15Lﬂi’ﬁﬁ’ﬁﬁ’mumumﬁum@iwﬁ’u (Pahlavan and Krishnamurthy, 2013) 8171131

% IEEE 802.11a 1d1ulugnennud 5 GHz B8asuialuns sudedoya
g3ga 54 Mbps

% TEEE 802.11b 190 lug29a910d 2.4 GHz fidasidrlunmssudedoya
g3ga 11 Mbps

o IEEE 802,11 19011 ug29n2108 2.4 GHz Hfidas 132 un1sfuds
Aoy agIaA 54 Mbps

% TEEE 802.11n 190 usenauid 2.4 ez 5 GHz fisasndalumsfuda

oA gIgA 300 Mbps

A | Y U A |
2.2.2.3 nsenelimaszauveuvaioslvia) (WMAN)

A A 0 A 9 A A A 4 o A

ApszuuAIRAIeTea1T imenlvuaiiunnsounquszauvoUIUAL D
Tvg) maTuTad@oas 15eeNiaueguuuIATgIU IEEE 802.16 (WiMAX) (Pahlavan and
Krishnamurthy, 2013) U

#% IEEE 802.16d %1911 1us29a21u 1ifiu 11 GHz T9a3152 1umssuds
9 ddy ~ = a
Uo3ya 75 Mbps tazlinunaseUAqulsuIn 6.4 09 10 N lawas

° ' A A o 3 o 1
% IEEE 802.16¢ 11911 11%29A21058 2 849 6 GHz 11995152 un1s5uda

9 Al A = a
Yaya 30 Mbps Lmzuwummamquﬂszmm 1.6 935 ﬂIaLll@]ﬁ

U
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2.2.2.4 n3englEae3aning (WWAN)
A A A ¥ a ) A A4
ApszuuATeuledoats 13a1eusnanin da1wisonsounguinuinng
Uszimeaniogiinia Funaluladdeas 1¥aedszinniliaiueguuniasgiu IEEE 802.20
(Mobile Broadband Wireless Access: MBWA) 16z WCDMA (Wideband Code Division Multiple
Access) FuilumaTuTladd1fiuanasgiuluInsdwsign 3G (Pahlavan and Krishnamurthy,

2013)

=2 A o 4 1 = d' 9 d' [ 1

vInMsAnEUFienissunssunu ma luTagmsdoas 15aentaegluszuy

A 1 < 1 A o 9 @
1AT8Y181U1 WPAN tiag WLAN Hungquna Tulagngnihuiszgnd lsanunuszuussy
aunianelueimsuiniiga 0199y 1531 IEEE 802.15.4 W3041A5514 IEEE 802.11
IR~ | 9y T < A A v 9 9 Y Y= ao
(Wi-Fi) iudu uaeg1a lsnan uenmilonndesz Ui ov10919au1a) Ialnaieauise
luthgiuniuaueszuuszydumiamelueimsnoideanuansovouna luladriaou 9

1 4 9 { < F . . .
WU Msdeansalsuasnvoutiula (Visible Light Communication: VLC) w%mmgm IEEE
< v & < J o LY

802.15.4a (Ultra-wideband: UWB) 1l udn aaiiuaziiu ldnszuuszyduniaingnielu

= [ d‘ é o 79 Y o =
@”Iﬂﬁllg‘ﬂl!‘ﬂ‘ﬂllﬁgL!u’)“ﬂNﬂTﬁWﬁluWV]ﬂﬁWﬂﬁﬁ"m GINﬁTJJﬁﬂ‘IHUl‘]J ‘]Jﬁ%fj‘ﬂﬂcl‘b'ﬂ‘ﬂmﬂjujaﬂ

vo9

1 A~ 1 A o Y o o Ao "9
HIATTIUAN VlhﬂﬂllaiclHGWﬂTﬁ (%1 VLC) m@m”lﬂ“lcvﬂugﬂLmumimqm%mgum

L1l

) 1

' o Y v 5 A 1 = Aa A dy A
YU ﬂﬁuflﬂﬂlslfﬂﬂmiﬂﬂﬂﬂ ZigBee ‘ﬂagmﬂiummi FUANNTSUUUDIIYNOONUUVUUND
' F '
AT 3ATEYANNNBNINUDITINIARDN (1FU AN ILazANUFUFLNNT) Lazddoyai

Fa'laudadauaiugunals S1ndeonu UM HOuYeIszUUsTYA i siag 1)

A 1 dy o Y o " W zdyd A U a P 9)
“lumsmnﬂu fazmﬂmzums‘1_;@ummmqmmNLa@ﬂmmmwwmmmm%ﬁlumﬁzu
U d‘

o ] é’ Lé o ] [P=} 9 4 1 9 [ 9 1
AU UNININUYY GINszumzumzmm”lmwm%%ﬂﬁzTwumﬂmmmmmmmmmu"lﬂ e

g 9

(%

] v k3
daawisn lFamanenInvesdaadendafe AguugluazaNusuFuRNs I WAUNS
Y

9
A v oo 1

o ' Iy 9 Y o 1A o ===
isumtmuﬂﬂ@ﬂm& 2NN ENGmﬂ“l‘ﬁSzumzumuwumammuzﬂlumiizumlmmmu@ﬂ

=2 o

Y L o ' aa Iq 9 @ o ]
718 (Maneerat, 2012) Gmmamwmmﬂuiaﬂmﬂmmﬂi3qﬂ@hmuﬂmwmzummm

U

v Y v ~
’mij.l,l,ﬁﬂ\‘ihlﬂﬂﬁﬁ151\wl 2.2
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Parameter
Technologies Frequency Brand/ Processing Papers
metrics
Distance based Joshi et al.
XBeePro Modules by MaxStream
(RSS) (2008)
Crossbow’s MICAz, Imote2, Distance based Sghaier et al.
Cricket motes (TDOA) (2011)
Ensemble Fang et al.
Texas Instruments CC2431
approach (2012
IEEE 802.15.4 Distance based Cheng and
IP-Link 2220 Helicomm Inc.
(ZigBee) (RSS) Lin (2009)
Freescale’s MC13224V SoC Single Nearest Kaemarungsi
platform Neighbour etal. (2013)
Hung et al.
TI/Chipcon’s ZigBee modules Neural Network
(2010)
ISM 2.4 GHz Bal ot al.
TelosB wireless platform Nearest Neighbour
(2010)
Lietal
WX-1590 SparkLAN KWNN
(2005)
PDA (HP iPAQ 114) with Single Nearest Gansemer et
Windows Mobile / AP-WLAN Neighbour al. (2010)
Mobile phones (Nokia 5800 K-Nearest Alsehly et al.
XpessMusic and HTC WildFire) Neighbour (2011)
IEEE 802.11a/b/g/n
Apple MacBook (Windows XP Al-Ahmadi
(WLAN) Probabilistic
SP3) / D-Link DWL-2000AP etal. (2011)
HTC Desire smartphone (Android Distance based
Liu and
2.2)/ AUSU WL-330gE 802.11g AP (TOA) / RF
Yang (2011)
/ D-Link DIR-300 Wireless AP fingerprint
ISM 5. Hz (B Sathyan and
SM 5.8 GHz (BW Distance based
Hedley

125 MHz)

Maxim MAX2829 RF IC

(TOA)

(2013)
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’q ¥ % o [ Y] 1
1szgna lFnunUILUUTZYMUNUIING (910)

Parameter
Technologies Frequency Brand/ Processing Papers
metrics
Distance based Conti et al.
3.2-7.4 GHz -
(TOA) (2012)
IEEE 802.15.4a
Gentile
(UWB) 2-8 GHz (BW 0.5-6 Network analyzer agilent PNA Distance based
and Kik
GHz) E8803A (RSS)
(2007)
3-10 GHz (BW 1 Distance based Segura et
Virtex4 Xilinx FPGA
GHz) (TOA / TDOA) al. (2012)
IEEE 802.15.4a
Murai et al.
(UWB) - Mobile robot HOSPI LED light
(2012)
VLC
Vector Signal Analyzer (VSA), Distance based Kim et al.
RF spectrum analyzer (RFSA) (VLC) (2013)
Distance based Ussmueller
RFID 868 MHz, 2.45 GHz Modern standard CMOS

(RTOF)

etal. (2012)

RFID, WLAN, IEEE 886 MHz, ISM 2.4 Riippel et
IntelliFind RTLS, NaN, NaN AP-coverage
802.15.3a (UWB) GHz, NaN al. (2010)
VLC, IEEE 802.15.4 Evaluation board with the Yong etal.
NaN, ISM 2.4 GHz Proximity
(ZigBee) embedded ZigBee modem (2012)
Distance based Romer
Laser light flashes - Geared electro motor FTB
(TOA) (2003)
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2.2.3 Uszamvaanalinszuuszyd L
o (% Jd ] a d' 9 o [ 9
ninmsdrtsimissanssuaunsonianaian ldlumsseydumiaing 14 3
UsziAnio nguINALA Triangulation NGNINALA Scene Analysis LLAZNUINALA Proximity (Liu

et al., 2007) ueaq lanagUi 2.4

Localization Techniques

l I

‘ Triangulation ’ ’ Scene Analysis J Proximity
- KNN - Cel-ID
- Probabilistic - Infrared Radiation
_j‘ Lateration ‘ - Neural Networks - RFID
- TOA - RTOF
- TDOA -VLC
- RSS-Based
| .
T Angulation
- AOA,DOA

o 1

31N 2.4 Uszianvoamaiinszydumiaing

q

2.23.1 ﬂijumﬂﬁﬂ Triangulation

1 a I ' a o oA va
NANINAUR Triangulation Lﬂuﬂﬁqﬂ\llﬂﬂuﬂiguﬁW!LﬁuQﬂi%ﬂmﬁMUﬂﬂWﬁ

q

a ~ aa A o 1 = i I A
lf.i"ll1ﬂm@]GU'EJ\W]‘iIﬂiLlllﬁLW’E]‘E$HGI1LLWUQGUENL{11WMWEI G])'\?ﬁ'1l|1‘iﬂl!ﬂ\1f]'é]ﬂlﬂu 2 ﬂi%tﬂ‘ﬂﬂﬂ

IMANA Lateration azinAlA Angulation

2.2.3.1.a INAYA Lateration

Aongumataszydunisnlfaumniamsinszezrnszrinaluaiagniu
Tuag1eveiiogniolue1n1sn3e5ondno81931 1MATANI15IATZ02 (range measurement
. & & A Ao A 1 1% Yy a 9 [
technique) FuilumaiianiaszezMuaiousenina luainguas Tuad1999aA18M 0183
aanouveIdy A wieodonan lFlumsAunsvesdynna dmSumaiaszydumiiah

Y
dnoglumaiialszianiildun
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I a o [ { A [ H
% Time of Arrival (TOA): \WMANATLYMHUITAGANIITAUIAWIAN

Q

=

15 umsunsnIz91ev09d Y IAIUUNREGD (one-way propagation time) Haad laaagld 2.5

Taguaazg Iua (Tuadaguaz Tuasive) azlimsiannuuanalsvesnalszianai 14l

@

' Y a Aov o Y o X Y o w a Aa
ﬂ’]ﬁﬁ\‘]ﬁmumu']ﬂ!sll@\‘ljuﬂﬂ’lﬂﬂq llagL'Ja1ﬂiﬂﬁﬂ]umu']ﬂ!llﬂsll@\11u@jﬂg SEIUVDVTINAUVDIUNAUAUAD

F) a

Y
TuaingazdedlasudyaimninTuadededniios 3 Tua dnnalunaazg Tuavzdoeiinig

q

Uszanunued g (Lee and Scholtz, 2002) (Wang, 2012) (Wang et al., 2013)

319 2.5 mANATE1YAHUS Time of Arrival / Roundtrip Time of Flight

[

< a o 1 ! o
¢ Time Difference of Arrival (TDOA): nJumﬂumzumzmummﬁmﬁﬂ

Q

MINMTAMNUANANVEIAN 1F lumsuninszevesdyanualinnuuiuouINn
9 v
matin TOA Tagmatinting 915 M1AINEANAINYD I NAUN LD 90E 1908910 TUa

a 4 a o % o ]
1999 2 Tua uaz 1dauns lewles Tuan (hyperboloid) AuIMMIIARAYDUFUNT DALY

[ [ a ) ]

[ A = Y o dyd ' G Y a 1
191 Llﬁ'ﬂ\‘iﬂﬂgﬂ‘ﬂ 2.6 BIVDINNAVDUNAUATEUAV UIUAD mﬂmmaiuﬂmmumaﬂuﬂ
Y

a
[ Y

zdpalimsuanlasudoyadanna199aazna18199998190 U (He et al., 2013) (Xu et

U o9

al., 2008) (Xu et al., 2011)
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Hyperbola from
receivers | and 2

@

O»

Hyperbola from
receivers 2and 3

/

*O

317 2.6 MAUATLYAINUL Time Difference of Arrival

9 a
& Received Signal Strength-Based (RSS-Based): MNVBITIVDITDUNANA
o ' I i A
A19du Sndunianssudedoyailmdunianiaaiava1e (Non Line of Sight: NLOS)
9 Y ] [
anssouzlunmsszydumnisinguosisgeunniinizana Astiulenaniaosloding
Ana17 MAdiA RSS-Based 19 19naiauianisunsnszaiesuesdyainingiogniolueiais
Sde [ ~ o 9 1 = A [
Tagldnugrumsaanouvesdyaiuidiuan laninaimsgydoniowInmsuningzae
wosdgaa FawsolduanmsmuimainuuuiiaeansunsnizatenauluFingui)
o 1 4 a o
(theoretical propagation model) WIeALUUTIaImsunsnseeaauluzalseaunisal
Y [
(empirical propagation model) Tﬂﬂmﬂuﬂszuﬁummﬁ ﬁﬂmiﬂﬂzﬁﬂmﬂﬂm%}hﬁl}@ﬁﬁﬂgﬂﬁm
1 ] @ Ao Jq ¥ < A ' 9
nnaads wazudasamnnuussvesdyaianiuldldiduszozmaaiion nouag 149
AUANVANIAIVINAAVOIAT INUTARIUINK A UIING (Cheng and Lin, 2009) (Li, 2007)

uaaalansgili 2.7

o)

Path loss 2

Path loss 1

Path loss 3

R3

3191 2.7 M3N9I5AIA1 Path loss YoUNALA RSS-Based
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* Roundtrip Time of Flight (RTOF): \ihumatiaszydumiisfiiendunaii

[

a @ U @ (% Yy 9 [ 9 [ 4
ﬁﬂJuflﬂﬂ‘!LﬂuVI'Nul‘lJﬂ'mJ%Wﬂﬂ'lﬂﬁ'\illﬂfJ\iﬂ'lﬂﬁUL!ﬁ?fJﬂuﬂa‘Uiﬂ Tagaz lsanudunusueInis

g

a o [ a . . A a o =
F31n5 lugvoadyaau1iini (clock synchronization) unUNN15H3 A5 lud luuny TOA 9
a o o @ 4 ] I o 1 1 {
Hewi liszgnd lFnuszunsas (radar) 0d1915na Mstaninnua1d viena1nldlu
a o ' yo; < 2 { o
n315zu2ama (delay/ processing time) ¥ounainszydunislszinnidnaiudanld
A L4 o A Y] o A Y 1 1 ]
10 119991091 NIANIATUYI TUATRYT 1T UADIND VA UDINDNTUNINTDIBUDIT YAy 10!
] oA
PN AVYIUNGA (Ussmueller et al., 2012)

I a ° 1 {
% Visible Light Communication (VLC): \Juinadinszydmnuianldnis

A

v Y
fomsmonasivouiinlannuasalv LED Taomaiinszydumislszianiiszasznon'ly

Y % A A s o Y g ' . s o 9y
Ateglnsalaesviiane gilnsainmvinniluniads (tansmitter: Tx) azgilnsainmivii

Q Qq

I @ . A 1 A o Y
1WUNIATY (receiver: Rx) JagNn1ned (mawaaﬂ”lw LED) 9¢9NUDQIand Y 1UULTIAY

A A P 1 v = Y A Yy a o o !
ANTUDAAUNIUNUANANNY GINGI,GHLWIHGH’EJGUENIU@]@'NEN uazTummqﬁlzmmmmnﬂww

1 Yy a o LY 1 o o . { o Y .
51319 TUAD 19D IUAZ ALK UIAILBI9INATIAIEIN9LLES (optical power) N5V'1A (Kim et al.,

y . o Y A )
2013) W3991NFIIT28219a1 (time duration) (Romer, 2003) waglyquandaniusvinda

o o 1T v Y o ~ A o v =R Y o o a
Aumdrieiag naaslanagin 2.8) naz Ui 2.80) awday Fedesinaveunailn

U

o ' gd Y o A JcY ' v o Y I A
5zumgmmﬂizmﬂuﬂa Lﬁ'uﬂNﬂﬁi“}Jﬁ\‘lﬂJ’E'Jquja58W’JNﬂWﬂ’s’f\mﬁ$ﬂ1ﬂiﬂi]$¢l’0\°llﬂu!mﬂulllil
L o

a = g’; =~ ] d' 1 [ A ] Qlé 9 [
TINAVIN (LOS) E]ﬂ‘i/]\imﬂiuiaﬂ VLC %z"lm*nmzim%amaﬂmmmmmw% HINDIDFY

o 1 @ 4 L ] 4 1
anuamsnvesginsalsudedyanaliaelsznnduuny 151 1050919 ZigBee 1o d 1

9 A

doyaniala lllszurananioudasdmiseingnaiunIugunag

Q

Tx1 Tx2 "
<o A 2
f % @ BN L
¥ c -

3 \ X
RF domain Rx RF domain ] - hy

dd‘a 1 o w d'qz 9 dd’a 1
a) ﬂim‘V]'Wﬁ]”lim"lﬂ”lﬂ"laﬂ‘l/nﬂllﬁ\ﬁﬂiﬂllﬂ b) NTUNNAITUINTLHLLIAN

517 2.8 mﬂﬁmzuﬁumm Visible Light Communication

G
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2.2.3.1.b tnA#iA Angulation

a o '

NQUNANATZYAINUININNITAAUTULANITIAAIYUHTONANIIVD

E]

9 a A

4
dygruszningluaiagiuluadeeanegnielueins 11suITeiFenmaiinlssnniin

° ]

v Y
direction-based (Win et al., 2011) inaiinszydurisnineg lumaiindszinnil ldun

. . . I a
% Angle of Arrival (AOA): W30 Direction of Arrival (DOA) Lﬂumﬂuﬂizu
Aurisiodemsianyuuesdyuiaunn viemsiananevesdyauiaunig
= ~ 4 [ A a 1 a . A J
RN Tﬂ&l‘nqﬂﬂimﬂmiummmLaaﬂwmimmumuwagﬂ (amplitude) Wseaune (phase)
[ { A I a 4 o 1
YoId I UNAUNILID U UNITTADTVDITZUY (Mao et al., 2007) AT TLYA MW UIUDI

v 9 v o . . a o X o a
aglagldn15danu (intersection) YDINANIIVDITYYI1M FI9TNITAIHUANANIIVD

[ U U a < . o LY 1 9 a
doyauszringved Tuas 1o liiuduas (ines) tagmuinmaiatisznia Tuad19os
= [ a

0

o ' X 9 9 Y a 19
quﬂjﬁi;l IﬂfJW]ﬂuﬂjgiﬁlﬁulﬂuQﬂﬁglﬂﬂuFﬂg@ﬂ\igﬂ']lqlllellﬂ\iiu@]91\1@\1981\11!'08 2 Tuﬂ

Y v 9y A a '

[ b
Llﬁﬂ\‘lhlﬂﬂﬂgﬂ‘ﬁ 2.9 maﬂmmmﬂumzuﬁummﬂﬁzmwuﬁa mmmizuﬁumuwmmq
a an Aa v aaly ¥ { 1o & Y
mMeluusnussuIvaela (r, ¥) wielumuuinaeula lé (x,y,2) Taehn lusiludealinng
@ 1 E&Y 1 [ 19y A a o ] dyd S o
ﬂizamﬂuisw’mqﬂﬂimiumatymm UAVDLTVDIUNAUATS YUV UIUND ’Qﬂﬂim‘ﬂ‘ﬂ1

v 9

9 Ad [ Y 1 Y ] ) 1 9y A a 1
mm‘ﬂumﬂ31Jmmmmimmmﬂﬂemqgﬂmmuazuuum FU 0 1aenNTAAUNFUDY
u

=~

UNAUNIND MATUIzdes1¥a18917 A28 161 (antenna array) (Mao et al., 2007)

1 [} v Y o w

9 o = ] ~ Y =~ 3’/ A
mwa“lwQﬂﬂsmmmummﬂ“lmgua:umm UFDUEGN nN1N98alvaTINA luTo9ueIN1sUA

= ya

o 4 a : 1 o o
174 (shadowing) agHANTLNUVBIAAUNA183D Fuiluauuaiiildianisvesdayyia

! Y

Y
Ao uaziildanugnasslunisseyduniisaniiosas (Brida et al.,, 2010) (Cheng and

Lin, 2009) (Peng and Sichitiu, 2006)

71U 2.9 MALATZYMILNUL Angle of Arrival



29

2.2.3.2 ﬂtj&lmﬂﬁﬂ Scene Analysis
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2.2.3.3 NQINALiA Proximity

A8

1 a

AQUINALA Proximity 1 ungquimatinszydunianerdenuaniiaves

C) Q

o o P o D) o . 3

. 1 [ d v X 9 o ] K [
yandu (symbolic) ﬁﬁﬂanﬁiJWU‘ﬁﬂ“lHl@iJﬁ@]'llLWu\‘i G?Nmmgﬂmawmmgmmﬂzmuag

U
¥ [l

[ 1A o 9 a o
ﬂummmmmmmmﬂmmmm‘ﬁu‘ﬁmivmmmmmqmnﬂuamﬁﬂﬂﬂ UHIAANTITNINIU

Y
J =

a = A [ A A 9 9 Yy a 4 v v
VBUNAUANQAUUAD maiummmaaummﬂﬂaiuﬂmam mTuqu%mmmmnw

Q

o A ' Y a Y A A A o A A v '
yawigndIesnaIn Tuas190a1a vsednanunuens Tuaiagmasui l)ogniely
{ { o a Y o a a o a o 1 I a v
wuimsihanvesTuadeds Mnuszuuimsinsaninaves luadsainaraiuiing
o ) [ A A @ @ 1w Yy a Y ' 9y
Youiag dmsunsdinluadagausoiumidyaaainTuasieesldunnideaTua 114
as a 1 Y o Aw 9 Y A A A I a o [
Fmsnosanmanududyaaniylann Tuadrdaunigailuniauesing (Zhang
[ 1 9
and Ye, 2011) Tagma TuTadnis@earsngniiwalanumatianguilisu Infrared Radiation
(IR), Radio Frequency Identification (RFID) (L@ ¢ Cell Identification (Cell-ID) luszuu
[ 14 4 1 <
TnsAnsiinaeuf (Pahlavan and Krishnamurthy, 2013) #3ou3nsenans 1malulad ViC
ueraalagagai 2.13
2 Y 1 a dyd 1 ' ) g9 a '
Fatenvoinguinainlszinniinedisaenisili)ssgndldauese Tu
] Jd o 1w A o ¥ o o g
suiludedldginsaisuasdyanaliameniinnududou dnneds lifivuaounisads
9 a9 ] < o ] 1 a dy =
Judeyadnaie og19lsna aussouz lumsszydumisvesnquimaiinlszinnilaziives

nulenfFeuiisunquinaila Triangulation HAZNGUINATIA Scene Analysis



32

= ,,/'/S/ector \\
/ - @
( S & )
‘\\ Base station >~_ MS
k i
a) Visible Light Communication b) Cell Identification (Cell-ID)
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Neural Networks
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M50 2.4 AI9E1VITUITDUL IUMITTYMurUIagmeluoimsvesnuIve lulagiiu

Accuracy
Papers Precision Complexity Robustness Scalability Cost
(Ave. error)
Conti et al. 20.2 cm. (Coo.) 36.4 cm. in 90% (Coo.) | Depend on number of nodes Reduce power per node (Coverage)
High (in cooperative, UWB) High (large area for coo.)
(2012) 22.0 cm. (Non.) 37.4 cm. in 90% (Non.) in network. Increase cost of nodes (Price)

Sathyan and

1.37 m. in 90% (Coo0.)

4.4 ms. per node per time

High (50% links removed is

High connectivity (Ave. conn.

Lower computational cost and

communication overhead

Hedley 1.06 m. (coo.)
step 1.78 m. in 90%) in coo. = 17.35)
(2013)
Segura et al. Extra from local oscillator
+1cm. ~ 18 cm. in 90% High (by using UWB) High flexibility by LO Extra power consumption by LO
(2012) (LO)
High by using Laser Range
Murai et al.
1.4 m. per VLC - - Finder and can operate - Extra from mobile robot
(2012)
during a power failure
Kodippili 5
2.55 m. (grid 4m’) High robust tech. suitable for Using existing infrastructure (reduce
and Dias 5 3 m. in 90% - Large-scale deployment well
1.09 m. (grid 2m’) commercial app. cost)
(2010)
Fang et al. < 1.25 m. (noise- Higher than base High (gives the larger
1.1 m. in 90% - -
(2012) free condition) positioning algorithms weights in dynamic envir.)
Kaemarungsi Depend on number of grids High (ZigBee signal is less 5 Time cost from collected during offline
0.77 m. 2.8 m. in 92% Low (35m” /4 RNs)
et al. (2013) and RNs (Euclidean dis.) fluctuate than Wi-Fi) (LOS) phase
Fang et al. Depend on TX range and | Most expensive (0.68ms per High (tolerate for few
8m. - Storage size in kbytes
(2007) boundary nodes node) neighbors fail)

6¢



M50 2.4 AI1vE1VITUITOUL TUMITzyduruIagmeluoimsvesnultelulegiv (ae)

Accuracy
Papers Precision Complexity Robustness Scalability Cost
(Ave. error)
Sufficiently large (2.78 No energy (without power data)
Luca et al. 1.15 m. (for 1 RFID High for without power 5
- Low complexity from RFID devices/m") 222.3 UJ. Energy consumption (with
(2006) no power) data
Low sensitivity (-24 dBm) used)
Estimated dis. effects of 5
Kim et al. Extra complexity from VLC Low (80cm") Low cost receiver
Within a few cm. - radiation directivity and
(2013) system Limit by NLOS Extra cost transmitters system
the incidence angle
Accuracy granularity is )
Lietal. 2.69 m. for SWNN | 3.3 m. in 95% for kriging Low (400 m" />16 RNs)
Low workload around 2-3m., vary Save on training time
(2005) (used 16 RNs.) group (used 20 RNs.)
propagation envir.
Marques et 3.35 m. for Low (5.1 ms. per sample for | Affected by the number
- High (can used multi-floor envir.) Low memory requirements
al. (2012) Manhattan Manhattan) of filtered samples
Hung et al. 8.5 m. in 90% for BPNN Low (500 m’ / 30 RNs) Time cost from collected during offline
<5m. - 3
(2010) with SIP phase
Trade off between High (used moving median
Gansemer 4.5 m. in 90% for
2.12-2.69 m. calibration time and filter reduces median High (can used multi-floor envir.) Time cost spent for calibration
etal. (2010) moving median approach ) o
location accuracy location estimation error)
Al-Ahmadi Depend on number of RSS High (if used large Low computational cost by grouping
227 m. 3 m. in 90% High (can used multi-floor envir.)
etal. (2011) fingerprints number of fingerprints) the locations in radio map

ov
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M350 2.5 Are19veanunN lelumsszyduriainguesnuIseluifagiiy

Number of node (T/ Space
System types | Techniques Group Localization algorithm Applications Experimental Papers
RN) dimension
- Network navigation 5T /25RN 2xi2m Real environment Conti et al. (2012)
5 Real environment Sathyan and
FACT Tracking fire fighters 28(T+RN) / 5GSP 80 x 80 m
& Simulation Hedley (2013)
Gentile and Kik
General building STX/31RX 40 x 40 m’ Real environment
(2007)
RSS-Based
Animal Tracking System 1T/ 4RN 60x 60 m Real environment Joshi et al. (2008)
Segura et al.
TOA/TDOA Robot navigation 1T /3RN 60m’ Real environment
(2012)
Single plane Trilateration (L)
5 Real environment/
Emergency services 1T /4RN 50x 50 m Xu et al. (2008)
Simulation
TDOA Indoor positioning services 1T /3RN 16x16m’ Real environment Xu et al. (2011)
Specific medical 5 Sghaier et al.
l6motes / 1BS 40 x 40 m Real environment
application (2011)
Cheng and Lin
MMSE approach Patient monitors 1T/ 16RN 300 m’ Real environment
(2009)
MDS / MLE / MDS-MLE Emergency event 1T /4RN 80x 80 m’ Simulation Li (2007)
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M350 2.5 Aredveanuni lslumsszydumruainguesnuiselulagiu (de)

Number of node (T/ Space
System types | Techniques Group Localization algorithm Applications Experimental Papers
RN) dimension
sensor positioning )
TOA 1T/ 4RN 2x2m Simulation Wang (2012)
applications
5 Real environment/
GNSS-based approach Indoor positioning services IRX /4TX 34 x 60 m Wang et al. (2013)
Simulation
Trilateration (L)
Logistics, Automotive ) Ussmueller et al.
RTOF ITX/1RX 2x2m Real environment
applications (2012)
VLC based on IM/DD Indoor positioning services 1T /3RN 80 x 80 cm’ Real environment Kim et al. (2013)
Trilateration (A) CAOA Indoor positioning services 1T/ 10RN 100 x 100 m* Simulation Brida et al. (2010)
Single plane
5 Kaemarungsi et al.
Euclidean distance Indoor positioning services 1T / 4(RN+Gate) 5x7m Real environment
(2013)
Scene Analysis
Ensemble approach/ Gradient/ 5
Indoor positioning services 1T/ 8RN 14x 14 m Real environment Fang et al. (2012)
MSD
Scene Analysis & General commercial ) Kodippili and Dias
3NN & RSS-Based 1T /8RN 500m Real environment
Trilateration (L) applications (2010)
HOSPI - In hospital Real environment Murai et al. (2012)
Proximity VLC coverage
Extension of position 5 Yong and
1T/ 4Relay /IRN 77x20m Real environment
service area Kavehrad (2012)
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M350 2.5 Aredveanuni lslumsszydumruainguesnuiselulagiu (de)

Number of node (T/ Space
System types | Techniques Group Localization algorithm Applications Experimental Papers
RN) dimension
Single plane/ 2000 m’ (two Gansemer et al.
Scene Analysis Isolines / Euclidean Digital museum guides 1T/ 15AP Real environment
3Dimension floors) (2009)
Trilateration (L) TOA-VLC Indoor positioning services 1T/ 1LED height 2.5 m. Simulation Wang et al. (2013)
3Dimension
Monitoring and Control R
Scene Analysis 4NN 1T/ 8RN 15x13x10m Real environment Bal et al. (2010)
applications
General commercial 270 m’ per floors Real environment/ Esposito et al.
Fingerprint techniques 1T /7RN
applications (2 floors) Simulation (2009)
Object tracking and 60 x 40 m* per
NN 1T/ - Real environment Wang et al. (2010)
Security control floors (2 floors)
324m’ per floors Gansemer et al.
Scene Analysis Euclidean with MLEE Indoor applications 1T/ 24BS Real environment
(3 floors) (2010)
Location-aware Alsehly et al.
Multi-Floor KNN / Group variance 1T/ S0AP 3 floors Real environment
applications (2011)
Prob. (Bayesian graphical 36x30m’ per Al-Ahmadi et al.
Context-aware services 1T/~ Real environment
models) floors (2 floors) (2011)
Trilateration (L) & Virtual Aps & Weighted 60x25m’ per Liu and Yang
Indoor positioning services 1T/ 51AP Real environment
Scene Analysis Screening floors (8floors) (2011)
Riippel et al.
Proximity AP coverage Emergency services - In building Real environment

(2010)

9%
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Network types Objective Failure scenario Approach Papers
Shirazi
Ultra-Wideband Sensor To finding the best node density for minimum outage Interference lead to the probability The best node density for and
Networks (USNs) probability of USN. of link error minimum outage probability Lampe
(2009)
Failure of any potential relay node
To minimum-cost survivable IP network under any node Mixed-integer programming (MIP) | Liu et al.
IP layer network that links incapable of transmitting
failure scenario. model (2013)
the information flow.
To address the gateway placement problem with An interference-aware and K-
Wireless Mesh Networks Link interference and gateway Luo et al.
interference reduction and fault tolerance assurance coverage gateway
(WMNs) failure (2010)
considered. placement algorithm (IKGPA)
To address integrated routing and channel assignment in
Wireless—Optical Broadband- Optical network fault and wireless Resource-efficient approach Correia et
multi-radio WOBANSs aimed at obtaining a fault-tolerant
Access Network (WOBAN) access fault. (Primary route, Backup route). al. (2009)

network.
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RSS Distance Chenji and Stoleru (2013)
Trilateration (L) SISO Lateration
Distance Dif. Distance Adj. Parthiban and Menon (2009)
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System Design

Node Placement |

| Network Survivability ‘

\

Robust Node
Placement
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Positioning Phase
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\ 4

| Detection & Block |

Enhanced Computation

Classification

Triangulation ” Scene Analysis

B Chen et al. (2013), Aomumpai et al.
(2013) (WLAN/ WSNs) B, C

— Fang & Lin (2010) (WLAN) C
— Sharma et al. (2010) (WLAN) D

Shirazi and Lampe (2009)
— (USNs) J

Liu et al (2013)

(IP layer) I, J

| Correia et al. (2009)

T
L [My Work| K |- Laoudias et al. (2011)

(WLAN) E, T
Meng et al. (2011)

| (WLAN)E

|+ Guetal (2011)

(WLAN) E

| Chia etal (2013)
(WLAN) F

| Longetal (2013)
(WLAN) F

| Wang et al. (2013)
(WLAN) G

| Alakhras et al. (2013)
(WLAN) L

| Surosoetal (2011)

(WSNs) L

| Kapitanova et al. (2012)
(Temp. & Smoke) L. |J

— Zhang et al. (2014) (WLAN) A, C =/ [ (WOBAN) I
Luo et al. (2010) | Contietal (2012) Sensin
_ , ~ (WMNs) I, J L Zh@% (210' D (UWB) H &
L Redondi & Amaldi (2013) (WSNs) A (UWB) | Sethyan & Hadey | Chenji & Stoleru (2013)
—Merkel et al. (2013) (MANETSs) A, C| Network systems (2013) (UWB) H (WSNs) L
| Parthiban & Menon
(2009) (WSNs) L

A | Minimize location error Problem of cross-device / Heterogeneous devices

B | Minimize number of RNs Presence of malicious anchors / Location uncertainty

C Maximize coverage of RNs / Maximize SNR APs fail accidentally or maliciously / gateway failure /

D | Mmimize similar fingerprint Link interference / Overloaded network / Hardware faiture

E | Detect and elimnate APs Node placement for RNs-failure scenario

F | Signal strength fluctuation due to changes of infrastructures Fuzzy classification
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3.2.1.3 Group Variance Algorithm (Alsehly et al.,2011)
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floor =arg m]g;tx(CD(Af ) (3.6)

[ i Y
M15197 3.1 dawsnlslumatinsgyruiom@usu RMos floor algorithm

Variable Definition
Af A set of the summation of the strongest RSS on the ﬂ floor { ]/ » ]/ pees 7]}}
¥ A set of floors in the service areas {1, 2,..., F}
9@ A set of x% of RNs on the f] " floor that gives the strongest RSS values
, The percentage of RNs that would be considered on each floor in the floor
e determination step
q)(.) The confidence interval for the mean of the RSS summations
]/Z;» The summation of the RSS that the target node receives from 9?1
prfn The RSS value which is 7" measurement from RN 7" on the /* floor
N, Maximum number of RNs on the fh floor
I The number of RSS samples
F The total number of floors in the multi-story buildings
L, the lower limit of the confidence of the population mean on the fh floor
U, the upper limit of the confidence of the population mean on the f’h floor
U The population mean
ol The sample standard deviation
n The sample mean
c The confidence level (i.e. 95% or 90%)

ks

A significance level (i.e. 0.05 or 0.1)

The confidence coefficient

S

t[l—( %);1‘71} The (1-(ﬂ/2))-quantile of ¢-distribution and I samples




H Y S
A159N 3.2 mumumiﬁnmmmmﬂumzu%u RMoS floor algorithm

Input : Specify I'F, N, x%, the initial value of ¢
Output :  Floor number on which the target node is situated at the confidence level ¢
1: The target node scans for RSS sent from the reference nodes.
(Begin the floor determination step)
2: Repeat
3: Repeat
4: Compute the RSS summation y; = Z P
nem,
5: Until 7=T
6. Set A= (7 VooV P
7: Until f=F
8: Set the confidence level ¢ = the specified initial value
9: Calculate CD(Af) with %CI = c forall f € b4
10: If CD(Af) of any floor is overlapped
11: Repeat
12: Reduce the confidence level ¢
13: Calculate (D(Af) with %CI = ¢ for all f€ b
14: Until no overlap of CD(A,)
15: c is the %CI of sum of the strongest RSS from f}?, for all f&€ v'd
16: The floor where the target node is located is associated with the floor that has the
highest (D(Af) at the confidence level c.
floor = arg mfax((ID(Af )) at the confidence level ¢

86



&7

Y o
3.4 VBMHUANIINAADI

o

4 4 a 4 a o ] { o A o
oz AN ITHANTTOUZVBUNATIATZYAINUI RMoS i naue givelasiins
9

Y H v
naaufSeumsunagussouzlumsszyyuvounatianinauesnumalinssysunloglu

v o =} 7 a g‘./ é 9 a d'
ﬂi]i]“]J‘Ll TﬂmemiLﬂ%um&mﬂumﬂumzmrmmam%uamﬂizmm«mﬂizﬂam’w MNAUAN

a\ s £ J1 [ g J a
ldgdoyailanesisuniaunumsszynanoaudu 1aun madia Nearest (Alsehly etal.,2011)
Y

= . . A A q ¢ 9 = J g1 o
uagmAUA Lui’s (Liu and Yang 2011) uazmﬂuﬂ'n"luGl%;@mmayjavhmmﬂ?uw INNUNITISYY

= a

Y 1
W01V UAD INATIA Group variance (Alsehly et al 2011) TagdunafNGI901a0n N 1501
- v % . - % 2 »
nfSeumeuaussousnNugnAed UM szyHsRITUAIUIMATAT S FUNIa 0l szIanAD
d' a a 4 o a 1 d’ ] 9 o’d'
melszilivtazmnzimaiauveunailasaazilsznnieanagnisldaniunisein
HANATNY
a o a gl,: YA o 9 [ < a
lumsianziaussouzvounaiinszyruiomusu §i9e lantlszaunisnasan
I ) o 4
pontlu 2 Witodail
A = a Z A 1 9
1) ienfJeuneunadusTaUzYRUNATA I YU IgaYFUNangn 18 1Aan1I1E N
maudsnduazmeldanzniTuad1evsu1a Tualuszuu Ty
A = a 2’, dy A Y a Aa
2) menfFeumeuraausIauzveamaiaszysayrumelununlviusnsng
YUIAUANANINY
v 9

) [ o ] I o ] o & {
ﬁ?ﬁiﬂ%@ﬂ”lﬁl!ﬂﬂ?i‘ﬂﬂﬁﬂQLLUQ@@ﬂLﬂuW’J‘Sﬁ)@ﬂ@ﬂﬂQﬁ 1310 3.4.1 ﬁﬂWUﬁﬂTTﬂiﬂﬁﬂ\i

a SAq Y v 9 04
uazwwmmaiﬂﬂumi.i‘ﬂﬂam UagwIUe 3.4.2 Qﬂﬂimﬂ'ﬁﬂﬂa@\‘i

' v
341 ’GTEHuﬁﬂ]iﬂﬂﬁ@)ﬂ!!ﬁ%ﬂ]i1ﬁmﬁ)§mﬁuﬂ1iﬂﬂﬁ®ﬂ

Y
U

A & g 3
115 2 @01UN FaNsaesan uNue1msvin 5 ¥u lae

o (2 dy A Y a
mm‘smamﬂuwuﬂwm

Y

1 = 9 A 1 [ 9 T A A yd‘ =) 1 . .
LmazmmsmmmmzTﬂsaﬁinmmmaﬂu ‘lmm “W‘L!‘V]ﬂﬁ‘ﬂﬂﬂi’)ﬂuiﬂiﬁ%’ﬂliﬂﬂ’ﬂ Building
< S K A o ¥ A A =
A WU msussaua s NIV NUNLAaz U TZIN 35x35 MTIUUAT LAZAUNNITNAADIN
YA a ' . < o W A dy A ' 2
ﬁ’@dclﬂ‘lf@ljflﬂ’ﬂ Building B Lﬂummimufmummumwummawuﬂizmm 75x75 A1319

9 H v 9
AT UNURIVEIRIAMTNIdDIand ldaag i 3.3 nazgii 3.4 awdrau iimsaaaslua

=X A

Y Y Y
$19999112U 20 TUANUNIT0901A15 TasAaaa TUAS19999 11U 4 Tualuuaas Fusad
3UUVMINWVVANUEVD (uniform placement) HAAIAIFUN 3.3(b) a3 3.4(b) azim

' 9
ﬂ1i’c:f1]§l1llf‘riu\1"ll®\1%q@‘l/l@ﬁﬂﬂﬁﬂﬂﬂ?i@ﬂuﬂﬂﬁhnﬁﬂﬂ (uniform random) N UIUFUAL 15 jUg



&8

3’, 1 1w 4 ) v A 4
nagoU (i?ﬂ@ﬂ%ﬂﬁﬂﬂ%ﬂﬂﬂﬂﬁﬂ'lm'lﬂﬁ 75 i]ﬂ“l/lﬂﬁﬁm) Lﬁ@i%’mmmmﬂzwammumm

9 [
MAUATSUNNYLQVYY Tﬂﬂ%@ﬂ?ﬂl&ﬂﬂl@\iﬂﬁﬂﬂﬁ@\iLlﬁﬂﬂll?%}ﬂﬂﬂ'lﬁﬂﬁ 33

a

A A Y o Ay A~ ' Y
LWBVI%%LLﬂﬁﬂJUW'Iﬁﬂ'I’Jgﬂ'li‘l/l1\11‘L!‘VIa‘JJmﬂ’J‘VI‘JJﬁ"ImmJ'H]'Iﬂﬂ'Iim\IGU@QT‘LME]NEN

[ (%

Tumsiunamarasmvesnnunssdyaunivld §13eez lildamnnunssdyanansy

=

1dnnTuadesann Tuameluszuy uarginsauiowamANLIdy U ALTINgANTY

q

9 ¥
"lﬁ’mniu@é’mmﬁmau x% Tuuaazyu Tﬂ8%1ﬂﬂ']§'1/lﬂﬁf)‘ﬂLﬁﬂﬂﬁuWU’NﬂWiW%WﬁﬂﬂIuﬂ

o

Y a Aq Y o A I oA o [
@NEN‘VITHﬂ'lﬂ’J'I‘JJLLiQ’c’fﬂluiUu'lmLﬁ\i‘l/l’s:fﬂi]'luflu 50% (x =50%) Wumnmuizaudmsunis

o 1 [ Ao Y Y A Yy a 1o
ATUIUIATNATIUAITULLIN illuﬂlﬂm‘l/]iﬂllﬂﬂwclﬁﬁﬂ'l’mﬂiJIuﬂﬁJN’EN‘LINI‘L!ﬂ]lll‘ﬂNTL!

; : 2 i i‘ : @ The 44" test point
L X = AN Z ?\ . 2' Reference Node
S - - —] BUB D U ‘= Y% Test point
‘ By |anoagn
L TSP 00014
A
> . - s :’15 — ] ’
\\\\ S i) Uk
)2
N 2 'oe‘ S — i
A N 8 LN B
SA , i
NG 2 Q’\Qo‘ P »
~ 2
TS
<
g 35m
(a) (b)

¥

~ A A . ) g o
gﬂ‘n 3.3 NUNNITNAADIVD Building A (a) 1598319099115 5 FU (b) LHUNIVDIDIATT

H Y H
L!ﬁ$@]’)’0EINGUfJ\WhL!,Wuﬁﬂﬂﬂﬂﬁ@ﬂﬁ1u’3u 15 @ﬂmﬂﬁauﬁaguu%u‘ﬁ 3



¥

{ { . . 9} a" "
gﬂﬁ 3.4 NUNNTNABDIVD Building B (a) 1A59a319U099115 5 FU (b) UHUNIUDIDIATT

75m

&9

o5 1q_ 15 2q 25 30 35 40 a5 50 59 6o 65 79

T

T

[T 1 | [H B [ 1
| HE| I
t HIII

! »-d B

] il
4" floor %
*
*

as| 50| 55 6o 65| 70 75|

- [ 1 !ER;HI [,
| x| LL

RN2

1 5

[, T

200 25| 30| 35] 4of

10 15] 200 25| 30| 35 40|

N i B R
i [ B

q s

o 5| 1q 15 20 25 30 35| 4of a5 So| 55 6o 65| 79

75

0 75|

as] 50| 55 0] 65|

10 15

@ The 49" test point

Reference Node

Yo Test point

o s

75m

(b)

A
|
|

v

H Y H
ngﬁ’lﬂEJ'NGU’O\‘Iﬁ“!‘l’iu{li}.ﬂ%ﬂﬁﬂﬂﬁ1u3u 15 ﬁmmﬁauﬁaguuc}mﬁ 4

{ Y o
Gni’Nﬁ 3.3 UBNIHUAVDINITNARADY

Parameter

Detail

Floor dimensions

35m. x 35m. (Building A),

75m. x 75m. (Building B)

RN placement Uniform placement
Test points Total of 75 test points
(15 test points/floor)
Number of RNs Total of 20 Nodes (4 nodes/floor)

Test scenario

Fault-Free and RN-Failures

RN Failures pattern

20 failure patterns are random for

each RN-failure scenario
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Specification

Detail

Manufacturer

Freescale

Chipset

MC13224V

Frequency range

2.405 GHz - 2.480 GHz

Operating channel CH 26 (2.480 GHz)
Rx sensitivity -95 dBm
Transmit power +3 dBm

Antenna

Inverted F-antenna and SMA-antenna
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Initial data

44.2 Calculate number of initial RNs

&

Define location of initial RNs
(uniform placement)

44.1

L=}

l—Yes N

| Ns=Niniital, S=Siniital |

Move operator

Check
timeout

444

Yes

Get final solution of RNs placement

_______________________________ J

gﬂﬁ 4.1 LHUNMWAMTTINUYDAUNAUANTOONULL R-MSMR
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915197 4.2 Pseudo code YDUNALANITDOALLLU R-MSMR
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Input : Specify Py initail »? > Zstop > Nworse_max » AE » STP, Candi, RSS _data , A¢ , Dgoyer
Output : Solution of RNs placement for multi-floor building using fingerprint technique (S final )
1: Initialize Iter =0, n, ... =0, 7 = Tinitiar » Ninitial
2: Calculate number of initial RNs (N, ;;.) 4.4.2
3: Repeat
4. Define location of initial RNS (S;pitiar ) bY Niitia 443
5: Check constraints Eq. (4.2) — Eq. (4.5)
6: Repeat
7: Generate new assignment 1 from S (move operator)
8: Check constraints Eq. (4.2) — Eq. (4.5)
9: Until timeout > 300 sec
10: Set N, ia ++
11: Until all of constraints pass
12: Ns = Ninitiat - S = Sinitial
SA process




#1519 4.2 Pseudo code YDUNAUANITOONUUYU R-MSMR (910)

116

SA process

13: Set Iter,,, = N 444
14: Calculate 740
15: Calculate evaluation function E (S ) 4442
16: Repeat
17: Repeat
18: Repeat
19: Generate new assignment S__ from S (move operator) 4443
20: Check constraints Eq. (4.2) — Eq. (4.5)
21: Until all of constraints pass
22: Calculate evaluation function E (Snew )
23: Calculate AE = E(S)—E(S,,,) 4445
24: Set Iter + +
25: If AE<O
26: Nworse =0
27: S =S o
28: E(S)=E(Suw)
29: Else AE >0
30: Set Nyoree ++
31: Repeat
3: If random([0,4] <& 1'%+ 4446
33: S = Sew
34: E(S)=E(S.w)
35: Until Nyorse = Nyorse _max
36: End SA process!!!
37: Until Iter = Iter,
38: Reset Iter =0
39: Calculate 7 = @7
40: Calculate lter,, = tel

@
41: Until 7 = 7y,
42: End SA process!!! 4.4.4.7
43: S final =S
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Parameter Detail
Floor dimensions 75m. x 75m. (for 12" and 3" floor)
RNs placement Uniform placement, MSMR and R-MSMR
Number of fingerprint locations 328 locations for one-story service area

656 locations for two-story service area

984 locations for three-story service area

Test points (i.e. target locations) 158 locations for one-story service area
316 locations for two-story service area

474 locations for three-story service area

RSS threshold (P; ) 0.1 pW (i.e.-100 dBm)
Accuracy index (o) 4 (Kaemarungsi, 2005)*
Reliability index (R) 1,2,3 and 4

Positioning technique Active Euclidean distance

Floor determination technique RMoS floor algorithm
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Objective Index of RNs installed
Initial Node Run-Time
Run fn.
node | installed (min) RN1 | RN2 | RN3 | RN4 | RN5 | RN6 | RN7 | RN8
(pWatt)

1 34456.14 4 8 20.46 44 92 135 | 141 | 205 | 247 | 251 | 280

2 30198.19 4 7 14.56 69 82 | 130 | 141 | 181 | 248 | 256 -
3 34882.36 4 8 154 35 44 130 | 135 | 141 | 238 | 248 | 280
4 34431.25 4 8 15.82 47 81 130 | 141 | 194 | 230 | 256 | 262

5 29831.82 4 7 14.42 82 90 113 | 135 | 141 | 238 | 248 -
6 35473.88 4 8 15.68 69 82 92 | 141 | 191 | 199 | 280 | 286

7 30505.59 4 7 11.95 82 92 106 | 154 | 238 | 248 | 280 -

8 29597.82 4 7 11.41 82 92 141 154 | 199 | 238 | 262 -
9 34675.45 4 8 15.26 47 82 92 | 135 | 186 | 238 | 244 | 268

10 30430.74 4 7 10.42 82 91 141 191 199 | 240 | 247 -
11 35410.68 4 8 15.54 69 82 92 159 | 180 | 248 | 256 | 280
12 34149.93 4 8 15.94 44 71 135 | 141 | 199 | 238 | 247 | 305
13 34885.88 4 8 16.70 69 79 92 | 141 | 186 | 205 | 248 | 280

14 29505.43 4 7 13.15 82 92 | 104 | 169 | 199 | 238 | 262 -

15 29897.47 4 7 16.96 44 92 100 | 141 | 219 | 248 | 280 -

16 29469.28 4 7 15.54 82 92 106 | 135 | 183 | 238 | 248 -
17 35192.46 4 8 20.52 69 82 | 130 | 135 | 141 | 230 | 256 | 262
18 34092.89 4 8 20.37 61 92 | 103 | 169 | 186 | 191 | 268 | 280
19 34273.30 4 8 20.36 51 82 92 106 | 191 | 248 | 275 | 280
20 33898.82 4 8 20.26 44 92 120 | 169 | 191 | 199 | 277 | 286

Average 7.6
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Average error distance Standard deviation (m)
Scenario Techniques
(m)
Uniform 6.26 3.94
MSMR 4.96 2.65
Fault-Free

R-MSMR, R=1 4.48 2.74

R-MSMR, R=2 421 2.47

Uniform 6.82 4.73

MSMR 4.79 2.66

1RN Failure

R-MSMR, R=1 4.63 2.79

R-MSMR, R=2 4.30 2.58

Uniform 12.80 13.32

MSMR 6.77 6.73
2RNs Failure

R-MSMR, R=1 4.78 2.96

R-MSMR, R=2 450 2.65

Uniform 27.64 20.84

MSMR 8.41 10.68
3RNs Failure

R-MSMR, R=1 5.01 3.68

R-MSMR, R=2 4.59 2.70

Uniform - -

MSMR 15.97 18.64
4RNs Failure

R-MSMR, R=1 5.38 3.40

R-MSMR, R=2 4.83 2.69

Uniform - -

MSMR - -
5RNs Failure

R-MSMR, R=1 6.64 6.12

R-MSMR, R=2 5.40 4.02
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NUINITLUD 1 ¥U (328 fingerprint locations, 158 target locations)

Uniform MSMR R-MSMR, R=1 R-MSMR, R=2 R-MSMR, R=3 R-MSMR, R=4
3RNs 3RNs
3RNs Failure 3RNs Failure 3RNs Failure 3RNs Failure
Fault-free Fault-free Fault-free Fault-free Fault-free Failure Fault-free Failure
/floor /floor /floor /floor
/floor /floor
Average error distance (m) 6.51 (a) 28.93 (b) 5.70 (a) 6.85 (b) 5.50 (a) 6.14 (b) 5.38 (a) 5.86 (b) 5.16 (a) 5.53 (b) 4.87 (a) 5.09 (b)
Maximum error distance (m) 17.03 85.68 15.30 24.96 15.30 15.99 13.42 14.58 15.30 16.53 15.30 13.55
Minimum error distance (m) 0.00 1.25 0.00 0.25 0.00 0.00 0.00 0.25 0.00 0.25 0.00 0.00
Standard deviation (m) 3.43 20.51 2.84 3.60 2.68 2.93 2.65 2.73 243 2.66 2.34 2.46
False floor determination (%) - = - = - - - - - - - -
% DE with R-MSMR, R=1 15.55% 78.77 % 351 % 10.28 % 1 v - S - = - =
% DE with R-MSMR, R=2 17.33 % 79.73 % 5.53% 14.33 % - = - = - = - =
% DE with R-MSMR, R=3 20.75 % 80.88 % 9.45 % 19.20 % - 3 - = - = - =
% DE with R-MSMR, R=4 25.24 % 82.41 % 14.58 % 25.65 % - 7 - - - = - -
DIF (b-a) 22.42 1.15 0.65 0.48 0.37 0.22
% DIF [(b-a)/b]*100 77.50 % 16.80 % 10.52 % 8.26 % 6.76 % 4.40 %

nueve % DE with R-MSMR, R=1 MI8D9 % Decreasing of the average error distance compare with R-MSMR, R=1

% DIF ¥11804 % Difference between average error distance of Fault-free and 3RNs Failure
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Uniform MSMR R-MSMR, R=1 R-MSMR, R=2 R-MSMR, R=3 R-MSMR, R=4
3RNs 3RNs
3RNs Failure 3RNs Failure 3RNs Failure 3RNs Failure Fault- Fault-
Fault-free Fault-free Fault-free Fault-free Failure Failure
/floor /floor /floor /floor free free
/floor /floor
Average error distance (m) 6.35 (a) 25.29 (b) 5.20 (a) 7.04 (b) 4.76 (a) 5.28 (b) 4.42 (a) 4.83 (b) 4.33 (a) 4.55 (b) 3.99 (a) 4.23 (b)
Maximum error distance (m) 21.02 87.71 16.28 37.42 15.13 18.59 15.13 15.58 12.04 13.06 11.18 12.61
Minimum error distance (m) 0.00 0.81 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Standard deviation (m) 3.68 20.02 3.09 5.96 2.75 2.95 2.37 2.58 2.25 2.41 2.14 2.26
False floor determination (%) 0 7.99 % 0 1.82 % 0 0 0 0 0 0 0 0
% DE with R-MSMR, R=1 24.94 % 79.13 % 8.42 % 25.03 % 3 F - - - = - -
% DE with R-MSMR, R=2 30.28 % 80.90 % 14.93 % 31.37 % 3 3 - - - - - -
% DE with R-MSMR, R=3 31.78 % 82.00 % 16.76 % 3531 % 3 = - - - - - -
% DE with R-MSMR, R=4 37.05 % 83.28 % 23.19% 39.92 % T = - - - = - -
DIF (b-a) 18.94 1.84 0.51 0.41 0.22 0.23
% DIF [(b-a)/b]*100 7491 % 26.11 % 9.74 % 8.41 % 491 % 5.53%
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Uniform MSMR R-MSMR, R=1 R-MSMR, R=2 R-MSMR, R=3 R-MSMR, R=4
3RNs 3RNs
3RNs Failure 3RNs Failure 3RNs Failure 3RNs Failure Fault- Fault-
Fault-free Fault-free Fault-free Fault-free Failure Failure
/floor /floor /floor /floor free free
/floor /floor
Average error distance (m) 6.26 (a) 29.49 (a) 4.56 (a) 10.01 (b) 4.48 (a) 4.89 (b) 4.21 (a) 4.53 (b) 4.11 (a) 4.34 (b) 3.95 (a) 4.16 (b)
Maximum error distance (m) 22.09 88.65 16.28 74.40 15.13 19.59 14.87 17.84 15.13 17.10 14.14 14.24
Minimum error distance (m) 0.00 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Standard deviation (m) 3.94 21.10 2.52 13.42 2.74 2.81 2.47 2.63 2.57 2.59 2.28 2.42
False floor determination (%) 0 37.66 % 0 17.09 % 0 0 0 0 0 0 0 0
% DE with R-MSMR, R=1 28.54 % 83.41 % L77 % 5113 % i = - = - S - =
% DE with R-MSMR, R=2 32.85% 84.64 % 7.70 % 54.78 % e B - = - = - =
% DE with R-MSMR, R=3 34.44 % 85.29 % 9.89 % 56.66 % 3 = - = - = - =
% DE with R-MSMR, R=4 37.00 % 85.88 % 13.40 % 58.41 % - = - - - = - -
DIF (b-a) 23.23 5.46 0.42 0.32 0.23 0.22
% DIF [(b-a)/b]*100 78.76 % 54.50 % 8.54 % 7.13 % 5.38% 5.25%
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44m. x 30m. (for 1” to 6" floor) for NECTEC building

RNs placement R-MSMR, R=2
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N.1.1 MC13224 Sensor Node (MC13224-SN)
ginsalfudedayaa1¥ano MC13224 Sensor Node Fufi 3 ¥4 ARM7TDM 1iluda
Uszurama uazlaneoinianieludl 41991 PCB inverted-F-antenna (F-antenna) a9 'ld
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mgﬂ‘ﬁ n.4 18231022188AY0 1A 198N A F-antenna 1LAASIAIITINN 0.1 dIMSU MC13224
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dBm (<1% PER for 20-byte packets) 511901 138581101 $220 (6,427 V1N) gﬂﬁ .5 LA

Qﬂﬂiﬂf MC13224 Sensor Node HazA15199 0.2 HAANITIIAZIDIAUD MC13224 Sensor Node

RF
C1 Not Mounted
11
11
10pF
RF_RX TX>
L1 c3
3.9nH —— 1pF ANT1
Not Mounted Not Mounted F_Antenna
o
RF_GND

519 n.4 PCB inverted-F-antenna

u



206

Q13199 0.1 5198L1D8AVB PCB inverted-F-antenna

AUANLA EACGEGIL
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

2.36 inches (60 mm)

Height (Z)
1.57 inches
(40 mm)

3.74 inches (95 mm)

511 n.5 gunsaisudsdayana13a1s MC13224 Sensor Node

A15199 N.2 T19aL1DeAUDI MC13224 Sensor Node

AUANLA EACGHGIL)
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 UART1: 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
Price per unit $220 (6,427 Baht)
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0.1.2 MC13224 Network Node (MC13224-NN)
unsalfudedayna1¥a1 MC13224 Network Node §ui 3 i ARM7TDM i1
a1lszunana uazlia 10010 19a0I%UAAD Sub Miniature version “A” connector (SMA-
antenna) 14 ¢ F-antenna A1%5 V1991019 SMA-antenna Llﬁﬂﬁqﬁlﬁﬂgﬂﬁ 1.6 1AL 19DLIDUA
VBAe1881N19 F-antenna UAAIRIA1I 1R n.3 d1151 MC13224 Network Node uauTuLAAY

a

A0 IOUTAINAVUIA 128x64 LCD with LED backlight TAIN3193UANAY 69037931 f]
WINTAWITIUDY 3 LAY LA Joysick H9a 11301 5URSIAG 12 dBm B4 -30 dBm TA1
7213 117D -95 dBm (<1% PER for 20-byte packets) 10190 M U281 52110 $160 (4,674
1UIN) gﬂ‘ﬁ n.7 uanegnial MC13224 Network Node 1HAZAISI90 1.4 HAAITI8AZBEAVD

MC13224 Network Node

3 191 1.6 Sub Miniature version “A” connector

A13197 1.3 519ALIDIAVBY Sub Miniature version “A” connector-antenna

AuauiR ERLGHEGHE
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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510 n.7 gunsaifudednynnalfane MC13224 Network Node

Q

A1319N 1.4 5198LDIAVDI MC 13224 Network Node

Aaauia T10az1009
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
Price per unit $160 (4,674 Baht)
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1.1.3 MC13224 Low Power Node (MC13224-LPN)
avnsaiSudadanra 1¥a1s MC13224 Low Power Node §1i 3 345 ARM7TDM
Fuslszaunana uagiiaweinmameludi #9730 F-antenna aunsnllSumaadasand +4
dBm 94 -30 dBm 1717210 121M1A Y -95 dBm (<1% PER for 20-byte packets) 511081128
Uszua $120 (3,506 VIN) gﬂﬁ 7.8 1aneg1nTal MC13224 Low Power Node HaZAI19A 1.5
HEAITI8aZIDEAUDY MC13224 Low Power Node

1.37 inches
(35 mm) e —

1.96 inches
(50 mm)

517 n.8 gunsaisuaedayaaliars MC13224 Low Power Node

Q13197 1.5 5198L1DeAVBI MC13224 Low Power Node

Aaauia ERLLEGH
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
Price per unit $120 (3,506 Baht)
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f.1.4 MC13224 USB Dongle
aunsal Sudedyann1fanes MC13224 USB Dongle fiaesemeameluds Faiivedn
SMD ceramic 81115015 UAMAIFIRIA +4 dBm 714 -30 dBm TifA1w 1A -95 dBm (<1%
PER for 20-byte packets) 51A190 U28U 521194 $80 (2,337 V1N) gﬂ‘ﬁ n.9uandginsal

MC13224 USB Dongle 11aZA15197 1.6 LEAIT100208AU09 MC13224 USB Dongle

517 n.9 gnsalfudedayamliaio MC13224 USB Dongle

A1519% .6 519a2DIAVDI MC13224 USB Dongle

AU ERLCHEGHE
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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Send  MName Sequence ASCIl | HEx | Decimal| Binary |

add= 31087 »»LQI(0-255)= 213 LOI_[dB)= —29<LF>
idd= 31087 »>I0I(0-255)= 213 IOI_[dB]= —29¢LF>
4dd= 31087 >>IQI(0-255)= 207 IO
add= 31087 »>LQI(0-255)= 207 LT
add= 31087 »>LOI(0-255)= 207 LOT
add= 31087 »>LOI(0-255)= 207 LOT
add= 31087 »>LOI(0-255)= 207 LOT
hdd= 31087 »»I0I(0-255)= 213 LT
hdd= 31087 »>I0I(0-255)= 216 LT
Add= 31087 >>IQI(0-2556)= 213 IQI
Receive Sequences add= 31087 »>LQI(0-255)= 201 LT
i N B Add= 31087 »>LOI(0-255)= 183 LOT
€D i equence W lyad- 31087 »>10I(0-255)= 183 LOT.
add= 31087 »»LOI(0-255)
hdd= 31087 »»I0I(0-255)= 192 LT
hdd= 31087 »»I0I(0-255)= 198 LT
4dd= 31087 >>IQI(0-255)= 183 IQI
4dd= 31087 >>IOI(0-255)= 180 LOIT
add= 31087 »>LOI(0-255)= 165 LT
Add= 31087 »>LOI(0-2553= 177 LOT
add= 31087 »>LOT(0-255)= 186 LOT
hdd= 31087 »»I0I(0-255)= 198 LT
hdd= 31087 »>I0I(0-255)= 192 L0
4dd= 31087 >>I0I(0-255)= 186 LOI
4dd= 31087 >>IOI(0-255)= 174 IO
add= 31087 »>LRI(0-255)= 192 LT
add= 31087 »>LOI(0-255)= 183 LOT
add= 31087 »»>LOI(0-255)= 153 LOT
add= 31087 »>LOT(0-255)= 171 IOT

dB]= —31<LF>
dB]= —31<LF:
dB]= —31¢<LF:
dB]= =31<LF>»
dB]= -31<IF>
dB]= -29<IF>
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One of the challenging problems for indoor wireless multifloor positioning systems is the presence of reference node (RN)
failures, which cause the values of received signal strength (RSS) to be missed during the online positioning phase of the location
fingerprinting technique. This leads to performance degradation in terms of floor accuracy, which in turn affects other localization
procedures. This paper presents a robust floor determination algorithm called Robust Mean of Sum-RSS (RMoS), which can
accurately determine the floor on which mobile objects are located and can work under either the fault-free scenario or the RN-
failure scenarios. The proposed fault tolerance flooralgorithm is based on the mean of the summation of the strongest RSSs obtained
from the IEEE 802.15.4 Wireless Sensor Networks (WSNs) during the online phase. The performance of the proposed algorithm
is compared with those of different floor determination algorithms in literature. The experimental results show that the proposed
robust floor determination algorithm outperformed the other floor algorithms and can achieve the highest percentage of floor
determination accuracy in all scenarios tested. Specifically, the proposed algorithm can achieve greater than 95% correct floor
determination under the scenario in which 40% of RNs failed.

1. Introduction

Nowadays, there are several indoor location services available
for a wide range of applications such as those in commer-
cial, agriculture, medical, and military uses [1-3]. Wireless
communications are the major driving force of the devel-
opment of such indoor location services. Various wireless
technologies can be employed for indoor positioning systems.
Some systems make use of an existing wireless network
infrastructure such as Wi-Fi [4-6], Bluetooth [7], and the
visible light communication (VLC) [8]. More flexible and
efficient systems employ IEEE 802.15.4 Wireless Sensor Net-
works (WSNs), providing advantages in terms of low power
consumption, light weight, and low cost [9].

Existing indoor localization systems can be classified into
three types based on the structure of the service areas. These
include the indoor localization systems for two-dimensional
service areas, three-dimensional service areas, and multistory

buildings [10]. Most of the existing systems are designed
for usage in two-dimensional areas where the position of a
target object is specified by coordinates (x, y) [10-12]. The
second type of indoor positioning system considers a three-
dimensional space wherein the location of each target is
derived from multiple coordinates (x, y, and z). The systems
in the second type are usually applied in particular fields
such as those in the industrial applications [13]. Recently,
the indoor positioning systems for multistory buildings have
gained more attention. Such systems need to specify not only
coordinates (x, y) but also the floor on which the object is
located [14-18].

Most researches related to indoor positioning systems
focuson either the development of the positioning techniques
for improving the performance or the study and charac-
terization of the unique properties of parameters such as
the received signal strength (RSS) [10, 19]. There are only a
few works considering failure scenarios of RNs, which are
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the main equipment of the systems. In [20], the authors
studied the robustness of the location determination when
the system encountered a random failure of RNs. Under the
RN-failure scenarios, their experiment results showed that
the positioning accuracy could drop from 10% to 50% when
approximately 50% of RN failed in the system. Other related
works consider the robustness of the positioning systems
against variation of RSSs [21] and changes to the service
environments such as furniture [22] and service times [23].

Although some existing works have studied the degra-
dation of the positioning performances due to RN failure
and have considered the robustness of the systems against
the changes of some parameters, the literature still lacks a
floor determination algorithm that is robust in a situation
when some RNs in the system fail. Such an algorithm is
an important part of the localization technique for the
complex indoor environment of the multistory building.
Therefore, this paper aims to present a floor determination
algorithm that can reliably identify the floor on which the
object is located under various RN-failure scenarios. Our
contributions are summarized as follows:

(i) We propose a floor determination algorithm which
will serve as an important function of the indoor
localization techniques for multistory buildings. The
proposed algorithm is called the Robust Mean of
Sum-RSS (RMoS) floor algorithm. It does not require
the fingerprint database and can achieve the highest
percentage of correct floor determination when com-
pared to other existing techniques.

(ii) The proposed RMoS floor algorithm is robust against
all of our tested RN-failure scenarios. It can work
under either the fault-free scenario or the partial RN-
failure scenarios. It can achieve greater than 95%
correct floor determination under the scenario in
which 40% of RNis failed.

The remainder of this paper is organized into six sections
as follows. In Section 2, we briefly summarize existing
works on floor determination techniques. Section 3 provides
an introduction to the RN-failure scenario and explains
our proposed robust floor determination algorithm. Sec-
tion 4 describes the experimental environment, the wireless
transceivers, and the setup parameters in this work. Section 5
presents the experimental results and discussion. Finally,
Section 6 concludes the paper.

2. Existing Floor Determination Techniques

In wireless indoor positioning systems for multifloor build-
ings, the positioning error of a target within the two-dimen-
sional plane might mean a false room or error distance of a
few meters. On the other hand, the false floor determination
could mean the incorrect detection of the target on a car
parking floor instead of an office floor. Therefore, the problem
of floor determination is another important issue for the
positioning applications besides the target’s coordinates.

RN failures during the online positioning phase cause RSS
values to be missed. This can greatly affect the operations

Mobile Information Systems

of the positioning systems such as the computational proce-
dures and the signal sharing process in cooperative localiza-
tion [24]. These failures can lead to accuracy performance
degradation and a lack of system reliability [25]. Thus, a
robust floor determination technique is required in order to
achieve reliable indoor multifloor positioning systems that
can provide high positioning accuracy under unexpected
situations such as RN failures. In current literature, there are
only a few papers considering the robustness of multifloor
positioning systems, while the fault tolerance for the floor
determination technique in terms of the presence of node
failures has not been studied.

In [16, 17], the authors proposed floor determination
algorithms that considered the movement of objects across
the floors. In [16], the authors studied robots moving between
floors by using incorporative information from the pressure
sensor and the Wi-Fi access points (APs). Their floor deter-
mination algorithm is based on the RSS received from the
APs that utilize a Maximum Likelihood (ML) to estimate the
floor location of the robots. The authors in [17] presented the
technique to estimate the robot position in each floor by using
gyroscopes for recognizing the robot motion status on the
stairs. However, these works only focused on the tracking of
the floor changing when the robots moved in the staircase.
Particularly, they did not consider the robustness in terms of
faulty RNs during the online positioning phase. This reason
has motivated our work to develop a floor determination
algorithm to extend the capability of the indoor positioning
systems to be able to handle situations where some RNs
fail.

Existing floor determination approaches can be classified
into two major types based on the use of the location
fingerprint database: floor determination using the location
fingerprint database and floor determination without the use
of the location fingerprint database. For the approach that
uses the fingerprint database, the system performance will
depend on the number of the fingerprint locations which will
require more steps and time for collecting the RSS data at the
fingerprint locations in the offline phase [19]. In contrast, the
approach that does not require the fingerprint locations has
the advantage that it does not require the collection of the
RSS data to create a database of floors in the offline phase. The
system performance of the latter approach will depend on the
calculation mechanism of the floor determination technique
in the online phase only.

To evaluate the performance of the proposed floor deter-
mination algorithm, we compare our proposed algorithm
with the other techniques in the literature, both those that use
and those that do not use the location fingerprint database.
The algorithms that use the fingerprint database in the floor
determination process include the nearest floor algorithm
[14] and Lui’s floor algorithm [15]. Another algorithm that
does not use the fingerprint database in the floor determi-
nation process is the group variance algorithm [14]. Brief
descriptions of these three floor determination algorithms are
presented as follows.

2.1. Nearest Floor Algorithm [14]. This algorithm is based
on the K-Nearest Neighbor (KNN) algorithm. It requires
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FIGURE 1: Block diagram of the main components in the indoor positioning systems.

collection of the RSSs in an offline phase in order to create the
fingerprint database. This database records the information
including the reference identification, the MAC address of the
APs, the floor number, and the maximum RSS. To determine
the floor number, the algorithm will compare the strongest
online scanned RSS with the value in the fingerprint database.
Then, the algorithm selects k APs (k = 3) with the closest
RSS values and applies the KNN algorithm to select the best
matched floor number from the fingerprint database.

2.2. Lui’s Floor Algorithm [15]. Luis floor algorithm also
requires the fingerprint database. This algorithm computes an
average signal distance between the RSS valuerecorded in the
fingerprint database and the online scanned RSSs. Then, the
algorithm selects the floor on which the object is located from
the minimum average signal distance.

2.3. Group Variance Algorithm [14]. This algorithm does not
use the fingerprint database. It considers the distribution of
the RSS values in each floor. It takes into account three online
statistical parameters obtained from each AP, which consist
of the range, the variance, and the availability. The algorithm
adds weighted values based on the specified criteria to deter-
mine the floor scores, called floor points. After comparing the
floor points, the algorithm selects the estimated floor number
with the highest floor points.

3. The RMoS Floor Algorithm

This section describes our proposed floor determination
algorithm for multistory buildings. First, in Section 3.1, the
structure of the main components in the indoor positioning
systems is described. Then, in Section 3.2, we describe our
fault tolerance floor determination algorithm, which is called
the Robust Mean of Sum-RSS (RMoS) floor algorithm and is
enhanced from our previous floor determination technique
presented in [18]. The RMoS floor algorithm does not require
the fingerprint database, which consumes a lot of time for
RSS data collection. Our proposed algorithm utilizes only the

@ Target node

1 Reference node

A Reference node failure

FIGURE 2: Floor determination schematic diagram.

online scanned RSS values received from the RNs in order to
determine the floor location of the target node.

3.1 Structure of Indoor Positioning Systems. The main com-
ponents of the indoor positioning systems used in this work
are shown in PFigure 1. They include the reference nodes
(RNGs), the target node, and the processing unit. The reference
nodes are wireless transceivers that will send out signals upon
request from the target node. The position of each reference
node is known to the processing unit. The target node has
a mobile wireless transceiver that helps determine on which
floor number the target node is situated. The target node
will query signals from the reference nodes. Then, it passes
the signal information to the processing unit where the floor
determination algorithm is executed.

Figure 2 illustrates an example of the structure of the
indoor positioning system in a three-story building under the
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Input: Specify I', F, Ny, x%, the initial value of ¢
Output: Floor number on which the target node is situated at the confidence level ¢
(1) The target node scans for RSS sent from the reference nodes.

(Begin the floor determination step)

2) Repeat

3) Repeat

) Compute the RSS summation y; = ¥, - pf,
(5) Untilt =T

(6) SetAf={y},y},...,y},...,y})

) Until f = F

(8) Set the confidence level ¢ = the specified initial value

©) Calculate 117(Af) with %CI =c forall f e ¥

(10)  If d(A ) of any floor is overlapped

(11) Repezit

(12) Reduce the confidence level ¢

(13) Calculate tD(A!) with %CI =c forall f € ¥

(14) Until no overlap of ®(A f)

(15)  cis the %CI of sum of the strongest RSS from R  forall f € ¥

(16)  The floor where the target node is located is associated with
the floor that has the highest ®(A ) at the confidence level c.
floor = arg maxf(KD(A_,)) at the confidence level ¢

AvrGoriTHM I: Pseudo code for RMoS floor algorithm.

RN-failure scenario in which two RNs fail. In this diagram,
four RN are installed on each floor. Dashed lines represent
RSSs that the target node receives from all RNs.

In Figure 2, one RN on the Ist floor and another RN on
the 2nd floor become unavailable. This may be caused by
hardware failures, software errors, or other faults. Hence, the
online scanned RSSs of the target node would not have signals
from these RNs.

3.2. Framework of RMoS Floor Algorithm. Our proposed
algorithm determines the floor number of the target node
based on the summations of the online scanned RSSs that the
targetnode received from the working RNs in the building. In
order to handle the fluctuation nature of the indoor wireless
signal, the concept of the confidence interval comparison [26]
is adopted in the RMoS floor algorithm. Specifically, RMoS
compares the confidence intervals for the mean of the RSS
summations. The following describes how the RMoS floor
algorithm works.

The following list defines the parameters used in our
proposed algorithm. Algorithm 1 describes the pseudo code
of the RMoS floor algorithm. The procedures are as follows.
First, the target node scans for the RSSs sent from RNs
installed in the multifloor building. A set of sampled RSS
values and the reference node IDs of each RSS value are
recorded as the input data vector for the floor determination
step. During the RSS scanning procedure, the signal from
each RN is scanned and recorded for I' samples. The number
of samples (I') is selected such that it is not too small that
it becomes insignificant in the statistics and it is not too
large that it would require too much time to collect the data.
The sampling rate depends on the capability of the wireless
transceiver to respond to the signal query. In the case that the

number of samples is less than 30, the t-distribution is applied
in the confidence interval calculation [26]. Otherwise, the
normal distribution should be utilized [26].

List of the Parameter Definitions

A ;:aset of the summations of the strongest RSSs on
the fth floor {y}, y}, T y;-}
: a set of floors in the service areas {1, 2, ..., F}

R s+ aset of x% of RNs on the fth floor that gives the
strongest RSS values

x%: the percentage of RNs that would be considered
on each floor in the floor determination step

®(-): the confidence interval for the mean of the RSS
summations

y}: the summation of the RSSs that the target node

receives from R s

pjy: the RSSvalue which is th measurement from nth
RN on the fth floor

Ny maximum number of RNs on the fth floor

I': the number of RSS samples

F: the total number of floors in the multistory build-
ings

L ;: thelower limit of the confidence of the population
mean on the fth floor

Uj: the upper limit of the confidence of the popula-
tion mean on the fth floor

H: the population mean
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o”: the sample standard deviation

#: the sample mean

c: the confidence level (i.e., 95% or 90%)
B: a significance level (i.e., 0.05 or 0.1)

1 - B: the confidence coefficient

t-grar-1); the (1 - (B/2))-quantile of ¢-distribution
and I' samples

In the floor determination step, first the RSS summation
y} is computed by using (1). For the 7th sampling, y} is the
summation of RSSs received from RNs in ERf, where ERI is
the set of x% of RNs on the fth floor that gives the strongest
RSS values. The variable p}n denotes the online scanned RSS
which is scanned in the rth sampling and it is the signal
received from nth RN which is on the fth floor. Note that
n=12,...,N; where N/ is the maximum number of RNs
on the fth floor. ¥ is the set of floors in the service areas.

V=2 P )

neR

Next, a set Ap= {y},yjz,, I y}-, . y;} is obtained. (A /
is a set of the RSS summations on fth floor for I' number
of RSS samples.) After that d(A /), which is the confidence
interval (L , UI) for the mean of the RSS summations on each
floor, is calculated by using

p(LpsusU;)=1-8 )

where L  is the lower limit, U ; is the upper limit, and 1~ Bis
the probability that the population mean of RSSs (y) will lie
between L  and U. They are calculated by using (3) to (5),
respectively.

(I
Ly =0~ tn_ gy UT() 7
&0y
Up =0 (D) +tugpa GT() @
1 c
B= = (1 — W)A (6]

Note that (3) and (4) are used to determine the lower
limit L ; and upper limit U of the sample values of the RSS
summations at ¢% confidence level. # refers to the sample
mean of RSS summations. o is the sample standard deviation
and t;_(g/pr-1 is the (1 = (B/2))-quantile of #-distribution
and I samples {26].

Finally, to determine the floor number where the target
node is situated, the proposed RMoS floor algorithm com-
pares the confidence intervals ®(A ) over all floors in V.
Then, RMoS selects the floor number that has the highest
value of d)(Af) as the floor where the target node is situated.
This can be written in

floor = argmfax ((D (Af)) . (6)

TABLE 1: Setup parameters.

Parameter Detail

3 . 35m.x 35 m (Building A),75m x 75 m
Floor dimensions (Building B)
RN placement Uniform placement
Test points Total of 75 test points (15 test points/floor)
Number of RNs Total of 20 nodes (4 nodes/floor)

Fault-free and RN failures

20 failure patterns are random for each RN
failure scenario

Test scenario

RN failures pattern

4. Experimental Setups

The performance of the proposed RMoS floor algorithm
is evaluated through extensive experiments and the results
are compared with other existing floor algorithms. In par-
ticular, the results are compared with two approaches of
floor determination algorithms. The first approach uses the
fingerprint database in the floor determination process. The
existing floor determination algorithms in this approach
that are compared with our proposed algorithm include
the nearest floor algorithm [14] and Lui’s floor algorithm
[15]. The other approach compared here does not use the
fingerprint database in the floor determination process. The
existing algorithm in this approach that is compared with
our proposed algorithm is the group variance algorithm [14].
The reason that we compare our proposed algorithm with
the two approaches (with/without fingerprint database) is to
evaluate and analyze how each approach performs in different
network scenarios.

In our experimental study, two five-story buildings with
different floor structures and with different dimension areas
are tested. The first building, labelled Building A, is a library
with dimensions of approximately 35m (width) x 35m
(length). The second building, labelled Building B, is an
office building with dimensions of about 75 m (width) x 75 m
(length). The floor layouts of both buildings are illustrated
in Figures 3 and 4, respectively. Twenty RNs were deployed
in both service areas. Four RNs were installed uniformly on
each floor as shown in Figures 3(b) and 4(b). Fifteen test
points were randomly selected on each floor by using the
uniform random function of MATLAB (i.e., a total of 75 test
points) to analyze the performance of the floor determination
algorithms. The setup parameters for the experiment are
summarized in Table 1.

In order to handle the situations of signal unavailability
due to RN failure, we did not use RSS values received from
all RN in the system for the summation of RSSs, but instead
only the strongest RSS values received from all RNs located
on each floor are considered. From preliminary testing, we
found that considering which 50% of RNs on each floor give
the strongest RSS values (i.e., x = 50%) is suitable for the RSS
summations under RN failure.

Figure 5 illustrates the experimental equipment installed
on each floor. This includes four RN nodes which are placed
ata height of 2 m. The target node is connected to a computer
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FIGURE 4: Building B. (a) The five-story structure. (b) Floor plan and example of 15 test points labelled with stars on the 4th floor.
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FIGURE 5: Experimental equipment in this work. (a) Reference node. (b) Target node.

(a)

TABLE 2: Specifications of the wireless transceivers.

Specification Detail
Manufacturer Freescale
Chipset MCI3224V
Frequency range 2.405GHz-2.480 GHz
Operating channel CH 26 (2.480 GHz)
Rx sensitivity -95dBm
Transmit power +3dBm
Antenna Inverted F-antenna

notebook on which the floor determination algorithm is
executed. The height of the target node is 0.8 m. IEEE 802.15.4
wireless transceivers were deployed in this work. They have
Freescale MC13224V third-generation chipsets with built-
in ARM7TDMI processors. The antennas of the wireless
transceivers are the inverted F-shape antennas and different
sets operate at 2.480 GHz (i.e., channel 26 of IEEE 802.15.4
standard). This is to avoid or minimize the interference
from Wi-Fi networks in the areas. The target node will
gather the RSS values that are transmitted from the RNs.
Those measured RSS values are used to calculate the floor
number of the target node. The sampling rate of wireless
transceivers in this work is 1 sample in 3 seconds. Note that
we consider the stationary node in our experimental study.
Table 2 shows specifications of the wireless transceivers used
in our experiments.

Two different scenarios were considered in our exper-
iments. The first scenario is a fault-free scenario in which
all RNs worked properly. The second scenario is RN-failure
scenario in which some RN in the system fail. In particular,
we randomly turned off two and eight RNs in the system
under the condition that the number of failed RNs on each
floor did not exceed 50% of the total number of RNs on that
floor (i.e., in this study, the maximum number of failed RNs
on each floor is two nodes).

(b)

5. Results and Discussion

5.1. Fault-Free Scenario. The experiments in this scenario
consider that all RNs in the service area work properly.
The study is organized into two sets of experiments. First,
Section 5.1.1 aims to analyze the characteristics of the sum-
mation of RSSs that the target node receives from RNs
installed on each floor. Then, Section 5.1.2 aims to compare
the performance of the proposed algorithm with that of other
existing floor determination techniques in the case of no RN
failure.

5.11. Analysis of RSS Summation Characteristics. First, we
analyze the characteristics of the RSS summations at a
particular point. Consider the 44th test point located on the
third floor of Building A and consider the 49th test point
located on the fourth floor of Building B as indicated by the
yellow symbol in Figures 3(b) and 4(b), respectively. In both
cases, F = 5, N = 4, x=50%,and I = 20. (Note that it would
take approximately one minute to collect 20 samples.)

From all RNs in the online RSS system, we recorded 20
samplings that were received at the 44th and 49th test points.
For each sampling rth, 20 RSS values received from all RNs
in the system were recorded and denoted by p}n (f represents
the floor number of the nth RN that transmitted a particular
RSS value.) Then, y; (the summation of the strongest RSSs
received from 50% of RNs located on the fth floor for the rth
sampling) was calculated by using (1). Finally, we obtained 100
values of the RSS summations for 20 signal samplings (i.e., for
each rth sampling, y1,7;,. .., y; were computed).

Figures 6(a) and 6(b) are the histogram plots of the RSS
summations at the 44th test point of Building A and the
49th test point of Building B, respectively. In the histogram,
each color represents a summation of RSSs received from
RN located on each floor. In the case of the 44th test point
of Building A, we can observe from Figure 6(a) that the
RSS summations of the green bins (the summation of RSSs
received from RNs on the third floor) are greater than those
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FIGURE 6: Histogram of the RSS summation in the fault-free scenario at (a) the 44th test point located on the third floor of Building A and

(b) the 49th test point located on the fourth floor of Building B.
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FIGURE 7: 95% confidence interval for the mean of the RSS summations in the fault-free scenario at (a) the 44th test point located on the third
floor of Building A and (b) the 49th test point located on the fourth floor of Building B.

of the other bins. This indicates that the summations of RSSs
received from RNs located on the third floor (which is the
floor where the test point was located) are stronger than those
received from RNs located on the other floors. The same
results can be observed in the case of the 49th test point of
Building B (Figure 6(b)) in which the RSS summations of the
yellow bins are the strongest. This indicates that the 49th test
point is located on the fourth floor. Note that in Figure 6(b)
there is no bin of the summation of RSSs received from RNs
on the first floor because signals from RNs on the first floor
could not reach the 49th test point, which was located on
the fourth floor. These characteristics of the RSS summations

observed from this study are applied in our proposed RMoS
floor algorithm as described in Section 3.

Figures 7(a) and 7(b) illustrate a 95% confidence interval
for the mean of the RSS summations on each floor for
Building A and Building B, respectively. The confidence
interval is shown by a box stretching between the lower and
upper confidence limits. The pink line in the box indicates the
sample mean. From Figures 7(a) and 7(b), it is clear that the
confidence interval for the mean of the RSS summations on
the actual floor where the target node was located is higher
than that of the other floors (ie,, ®(A;) and ®(A,) are
highest for the case of Building A and Building B, resp.). In
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both cases, there is no overlap between the highest confidence
intervals and the rest of the confidence intervals. This shows
that the sample values of the RSS summations on both target
floors are significantly higher than those of the other floors at
a 95% confidence level. Therefore, the proposed RMoS floor
algorithm correctly reports that the target node is on the third
floor for Building A and the fourth floor for Building B. Note
that in Figure 7(b) there is no confidence interval of the mean
of the RSS summations on the first floor because the target
node could not receive a signal from the RNs on the first floor.

5.1.2. Performance Comparisons under Fault-Free Scenario.
This section aims to compare the proposed RMoS floor
algorithm with other existing techniques under the normal
operating scenario where all RNswork properly. In particular,
the proposed algorithm was compared with the nearest
floor algorithm [14], the group variance algorithm [14], and
Lui’s floor algorithm [15]. The performance of the floor
determination algorithms was evaluated by the percentage
of the correct floor determination. The experiments were set
up as described in Section 4. Additionally, to compare the
RMosS floor algorithm with the other algorithms that use the
fingerprint database, we consider the effects of using different
numbers of fingerprint locations. In particular, three different
settings of fingerprint locations were considered: 10, 30, and
50 locations. They were selected uniformly across the service
area.

Figures 8(a) and 8(b) compare the percentages of the
correct floor determination among four floor determination
algorithms for Building A and Building B, respectively.
The results show that the proposed RMoS floor algorithm
outperforms the other three algorithms and yields a 100%
correct floor determination for all cases of the fingerprint
setting in both buildings. The reason is that RMoS does
not use the fingerprint database in the floor computing
procedures but it utilizes only the online RSSs that the
target node receives from RNs in the building. The RMoS
floor algorithm determines the floor number based on the
value of the confidence interval of the RSS summations as
demonstrated in Section 5.1.1.

The nearest floor algorithm and Lui’s floor algorithm,
on the other hand, use the fingerprint database in the floor
determination process. Consequently, from Figure 8, it can
be observed that the performances of the nearest floor
algorithm and Lui’s floor algorithm are dependent on the
number of fingerprint locations, whereby a higher number
of fingerprint locations yield higher percentages of correct
floor determination. The nearest floor algorithm yields the
lowest percentage of correct floor determination at 24% and
25.3% for the case of 10 fingerprint locations for Building
A and Building B, respectively. However, the nearest floor
algorithm in the case of Building B was able to obtain a100%
correct floor determination performance at the price of using
50 fingerprint locations.

The reason that the nearest floor algorithm and Lui’s
floor algorithm perform worse when using lower numbers
of fingerprint locations is that there is a limitation in
these floor determination techniques that use the location
fingerprint database. That is, the location fingerprinting

approach requires a site survey and collection of RSS pat-
terns from all RNs installed in the service area during the
offline phase. If the system designer collected insufficient
fingerprintlocations (i.e., low fingerprinting granularity), this
will result in a low resolution location fingerprint database
that cannot represent the RSS characteristics of the service
area. Therefore, the performance of the floor determination
algorithms that use a poor resolution fingerprint database will
be degraded during the online phase. This will resultin lower
accuracy in determining the correct floor.

On the other hand, even though these floor determi-
nation algorithms can increase the number of fingerprint
locations in their database and thus can improve the floor
determination accuracy, this will be achieved at the cost of
longer fingerprint collection time during the offline phase.
This can result in weeks spent on site survey and data
collection for a large service area. Moreover, if there are
any changes in the building structure or layout such as the
relocation of furniture or an increase or decrease in the
number of RN in the system in the fingerprint database, the
location fingerprint data will have to be collected again.

Considering the group variance algorithm which does
not use the fingerprint locations, it has a constant percentage
of correct floor determination in all cases of the fingerprint
locations. From Figures 8(a) and 8(b), we can observe that
the performance of the group variance algorithm depends on
the floor size of the building; a bigger floor size yields a better
performance. The percentage of correct floor determination
of the group variance algorithm of Building B (with a floor
size of 75m x 75m) is higher than that of Building A (with
a floor size of 35 m x 35 m), that is, 93.3% for Building B and
61.3% for Building A.

The reason that the results of the group variance algo-
rithm in a small building are worse than those in a large
building which has the same number of RN is the error in
calculation of floor points. This is the result of the similarity
of RSSs inside the building. For example, when considering
the floor points which were calculated from the variance of
signals in a small building, we can observe that the RSSs
received from RNss at the object location at the actual target
floor and the adjacent floor are very similar. Therefore, the
variance of the adjacent floor may be selected as the highest
variance instead of the variance of the actual target floor. This
is the reason that the floor points are incorrect and cause the
group variance algorithm to determine the wrong floor.

On the other hand, in the case of a large building, the
RSS received from RNs on different floors at the target
node location may be small or may not be present because
of the large distance and higher attenuation of the signals.
Therefore, the floor that has the highest variance will be the
one that receives the most signals from the RNs and will be
the floor on which the target node is located. The algorithm
can determine the floor correctly. In other words, the RSSs
within the large building can be distinguished easily and
have a positive effect on the accuracy of the group variance
algorithm.

5.2. RN-Failure Scenarios. In this section, the experimental
setup is the same as that for those described in Section 4.
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FIGURE 8: Percentage of correct floor determination of the fault-free scenario at (a) Building A and (b) Building B.

Additionally, however, this section considers that there are
some faulty RNs in the system. In particular, two cases of
RN failure were considered, including 2-RN failure and 8-RN
failure. The experimental results of each case of RN failures
were averaged from twenty faulty patterns. For example, in
the case of 2-RN failure, we randomly selected and turned
off two RNs from all RNs to create twenty patterns of two
failed RNs. For each pattern, we obtained the percentage
of correct floor determination from 75 test points selected
uniformly throughout the whole building. Then, an average of
the percentages of correct floor determination of those twenty
patterns of 2-RN failure was computed. For the case of 8-RN
failure, the same procedures were conducted.

To evaluate the performance of the existing floor determi-
nation algorithms that use and that do not use the fingerprint
database under the RN-failure scenarios and to observe the
effects of the fingerprint locations, five different settings of
fingerprint locations were considered: 50, 40, 30, 20, and 10
locations. They were selected uniformly across the service
area.

Figures 9(a) and 9(b) compare the average percentages
of correct floor determination under three scenarios: fault-
free, 2-RN-failure, and 8-RN-failure scenarios. The results are
represented by a dotted line with triangle markers, a dashed
line with cross markers, and a solid line with dot markers,
respectively.

Considering the results of the nearest floor and Lui’s floor
algorithms which use the fingerprint database in the floor
determination process, the performances of both algorithms
are affected by the faulty RNs. For both the 2-RN-failure and
8-RN-failure scenarios, the trend of the performance is the
same as that of the results in the case of the fault-free scenario
presented in Section 5.1.2 in which the performances of
both algorithms are dependent on the number of fingerprint

locations; using a larger number of fingerprint locations
results in higher percentages of correct floor determination.
For example, considering the case of Building A under
the 2-RN-failure scenario (Figure 9(a)), the percentages of
correct floor determination of the nearest floor algorithm
decrease from 94.8% to 91.1% to 68.5% to 20.6% to 19.8%
when using the number of 50, 40, 30, 20, and 10 fingerprint
locations, respectively. As the number of failed RNs increases
to eight (i.e., 8-RN-failure scenario), the performance of the
nearest floor algorithm is worse than that in the 2-RN-failure
scenarios. It can be observed that when using a large number
of fingerprint locations, RN failure affects the performance
of the nearest floor algorithm more than when using a small
number of fingerprint locations. The reason for this is that
the nearest floor algorithm and Lui’s floor algorithm have an
error in their RSS matching processes in which the number of
discovered RNss at the target node location during the online
phase must be equal to the number of RNs in the database
(radio map). Therefore, the missing RSS component(s) due
to RN failure during the online phase/location determination
will cause errors in the matching processes. A larger number
of RN failures, such as 8 nodes out of 20 nodes, will have a
larger impact than when only 2 nodes out of 20 nodes have
experienced a failure. Similar results were obtained for the
case of Building B (Figure 9(b)).

Considering the group variance algorithm which does
not use the fingerprint database, its performance is also
affected by the RN failure. In the case of Building A under
the 2-RN-failure and 8-RN-failure scenarios (the yellow lines
in Figure 9(a)), the percentage of correct floor determination
drops from 61.3% to 55.8% and 47.7%, respectively. Similar
effects can be observed in the case of Building B (the yellow
lines in Figure 9(b)). The reason that increasing the number of
RN failures degrades the performance of the group variance
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FIGURE 9: Percentage of correct floor determination in fault-free, 2-RN-failure and 8-RN-failure scenarios at (a) Building A and (b) Building

B.

is the change in the calculation of three online statistical
parameters obtained from each RN. The missing RSSs on
some floors will affect the calculation of floor points and
cause errors. For instance, the calculation of floor points is
obtained from the ranges that consider the maximum and
minimum value of RSSs at the target node from RNs on each
floor. If the failure occurs to RN which had the largest RSSs
on that floor, the range which was calculated on that floor
will be incorrect. For this reason, the increasing number of
failed RNs will result in the poorer performance of the group
variance algorithm.

Considering the RMoS floor algorithm which does not
use the fingerprint database, the performance of RMoS is
superior to that of the other three floor algorithms under all
tested scenarios in both buildings. The RMoS floor algorithm
can achieve 100% correct floor determination for all three
scenarios tested in Building A (the green lines in Figure 9(a)).
However, for the 8-RN-failure scenario in Building B, the
performance of the RMoS floor algorithm is slightly lower
(the solid green line in Figure 9(b)), although its percentage
of correct floor determination at 95.1% is still higher than
that for those of the other floor algorithms. The reason that
the RMoS floor algorithm is robust to the RN failure is
that its floor determination process utilizes the online RSSs
that the target node receives from the working RN in the
building. Consequently, the faulty RNs have very little to no
effect on the RMoS floor computing procedures. However,
the performance of the RMoS algorithm is slightly lower
under the 8-RN-failure scenario in the bigger building. This is
because the coverage of the wireless signal is not sufficient to
covera building which is large (i.e., only 4 RNs per 5,625 m?).
This causes the RSSs at the target node from the RN to
be very weak or to be unable to receive at all. Moreover,

if the localization system is under the failure state (e.g., 8-
RN failure), these RSSs will cause a shift of the confidence
interval for the RSS summations on each floor. This will cause
the RMoS algorithm to identify the wrong floor. In other
words, we can conclude that, under the state where there
are nonoperating RN, the quality and coverage of RSSs will
have impacts on the performance of the RMoS$ technique.
One of the solutions for avoiding this situation is to design a
localization system such that the number and the location of
the RNs should be optimized and provisioned to support the
robust operation both during a normal situation and when
there is a failure of some RNs. This is the next step in our
future research work.

6. Conclusion

In this paper, we present the robust floor determination
algorithm for the indoor multistory positioning systems.
The proposed algorithm is called the RMoS$ floor algorithm.
Extensive experiments were conducted to compare the pro-
posed algorithm with the other floor algorithms previously
presented in the literature. Experimental results showed that
the RMoS floor algorithm outperformed the other algorithms
and was able to achieve the highest percentage of correct
floor determination at up to 100% in both fault-free and RN-
failure scenarios. Specifically, the RMoS floor algorithm was
able to achieve greater than 95% correct floor determination
under the RN-failure scenario in which 40% of RNs in the
building failed. Thus, we can say that our proposed RMoS
floor algorithm is fault tolerant and robust to the RN-failure
scenarios considered in our studies.

Our future research work will investigate how to optimize
the indoor multifloor positioning system such that the floor
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algorithm can provide robust operation, both during the
normal situation and when there is a failure of some RN in
either small or big buildings.
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Abstract—Among  different Wireless Indoor Positioning
Systems (WIPS) that utilize radio freq; signal to esti
an object location, the system that uses Received Signal Strength
(RSS) of the wireless transceiver, such as the fingerprinting
approach, has gained lot of attention and been deployed widely.
This paper presents a novel wireless indoor positioning
approaches based on fingerprinting technique called Fusion
parameter technique with temperature level (FUSTL). The
proposed technique takes into account an environmental data in
conjunction with RSS information in the fingerprinting database.
The environmental data, such as room temperature and
humidity, is used to classify different zones of the service areas.
This information could help facilitate the RSS matching process
of the fingerprinting technique. The performance of the proposed
algorithm is compared with those of different indoor positioning
techniques in literature. The experimental results shows that the
proposed technique outperformed the other techniques and can
provide the highest of accuracy and precision performance at the
lowest computational complexity. Specifically, the positioning
accuracy of our proposed technique is 15-27% higher than those
of the other techniques whereas the computational complexity of
our technique is 12-36% lower than those of the other techniques.

Keywords—wireless indoor positioning; fingerprinting; fusion
parameter; low complexity

I. INTRODUCTION

Wireless Indoor Positioning Systems (WIPS) or wireless
localization systems, are the wireless infrastructure system
deployed to estimate the locations of mobile objects [1]. These
systems are utilized in a wide range of applications such as
those in commercial, logistics, agriculture, medical services,
home applications, and military systems [1], [2]. Various
wireless technologies can be employed for the wireless indoor
localization applications. Some systems make use of an
existing wireless network infrastructure such as the IEEE
802.11 Wireless Local Area Networks (WLANS) [1]-[2]. More
flexible and efficient systems employ the IEEE 802.15.4
Wireless Sensor Networks (WSNs) due to the advantages in
term of low power consumption, light weight and low cost [4].
Particularly, WSNs can not only measure the Received Signal
Strength (RSS) from Reference nodes (RNs) but also detect
several environmental parameters, such as temperature, relative
humidity, light [3]-[6].

Some works in literature have considered the use of
environmental information in the positioning process. In [8],
the authors proposed the indoor positioning technique using
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Visible Light Communication (VLC) and an ad-hoc wireless
network infrastructure. Their proposed algorithm is based on
the proximity approach. It can only identify the room where the
target node situated. In [9], the authors proposed the indoor
positioning system that also utilized the VLC technology. Their
positioning algorithm based on the trilateration method in
which the distance between a transmitter and a receiver were
estimated by measuring the received RF power in VLC.
However, the service area size of this system is limited by the
received RF power which can operate in few meters.

In [10], the navigation sensors of the robot and VLC
technology were combined to improve the control system of
the hospital transportation robots. However, VLC has rather
limited range and is only suitable for systems with direct Line
of Sight (LOS) between two transceivers.

Although, the use of light has been applied in the
positioning system, the combination of environmental
information and the RSS data of the wireless systems has not
been considered. Therefore, this paper proposes wireless
indoor positioning approaches based on the fingerprinting
technique. The proposed technique takes into account an
environmental data in conjunction with RSS information in the
fingerprinting database to facilitate the RSS matching process
of the fingerprinting technique.

The rest of the paper is organized into five sections as
follows. Section II explains our proposed positioning technique
and introduces the temperature level classification. Section IIT
describes the experimental setup in this work. Section IV
presents the experimental results and discussion. Finally,
Section V concludes the paper.

II. THE FUSION PARAMETER TECHNIQUE

In this section, we describe new indoor positioning system
that uses the combination of three environmental parameters
which consist of RSS vectors, the temperature, and the relative
humidity. The proposed indoor positioning approach is called
the Fusion parameter technique with temperature level
(FUSTL). Especially, our combined parameter technique not
only provides the accuracy and the precision performance but
also achieves low complexity in term of computational time for
indoor positioning system that based on the fingerprinting
technique.




238

2015 International Telecommunication Networks and Applications Conference (ITNAC)

Online phase

1 :Reference Node

Q < Target Location

h // Fingerpr |
| database
Create maps of RSS & environment parameters | Mcasure RSS & cnvironment status Fusion parameter technique
A =

Fig. 1. Structure of indoor positioning system using Fusion parameter technique wi

A. Structure of Indoor Positioning System

Figure 1 illustrates an example of the structure of the
proposed indoor positioning system that uses the combination
of three environmental parameters which consist of RSS
vectors, the temperature, and the relative humidity. The indoor
positioning process is divided into two operational phase: an
offline phase and an online phase. During offline phase, each
location fingerprint (i.e. represented by the points on a map)
record the physical environments of service area into the
fingerprinting database. The environmental data consist of the
RSS values received from each RN, the temperature values,
and the relative humidity values. In this procedure, the
temperature value and the relative humidity value are used to
classify the similar physical environments of each sub-areas
(i.e. a zone), which those called the temperature level
(represented by the different color of the points on map).
During online phase, whenever there is a request for the target
position, the mobile target will measured the three
environmental parameters and used this online information to
estimate the target location by using the FUSTL. Detailed
descriptions of our indoor positioning technique are as follows:

Offline phase: each location fingerprint, we recorded three
environmental parameters simultaneously, which include the
RSS vector, the temperature, and the relative humidity (i.e. we
scanned about 100 sampling per location fingerprint). Note if
RSS value from each RN cannot be received, we setup the -110
dBm to replace the missing RSS value. Next, the removing
outliers (i.e. by the 10- and the 90-percentile) and an average of
the three sampling data are calculated. The average value of
temperature and the relative humidity are used to classify
different zones of the service areas. Finally, the all data from
above procedures are stored in the fingerprinting database.

The fingerprinting database is labeled consists of {Fy, Fa,
vy Fiy ...y Fy}. Where M denotes a total number of location
fingerprints. Given that the location fingerprint F; consists of
[xi, yi. Ti, Hi, Li, R;], where x; and y; refers to the coordinate x
and y of location fingerprint i. The variable 7; and H; represents
the average value of the temperature and the relative humidity
at location fingerprint i with °C and %, respectively. L; refers to
the temperature level obtained from the classification process.
The RSS vector received form RNs can be expressed as vector
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th temperature level.

Ri=[r1, 12 ...y Pu, ..., iv]. Where r, represents the average
RSS received from RN n at the location fingerprint i and N
refers to a total number of RNs deployed in the service area.

Online phase: in this operational phase, the indoor
positioning technique is used to estimate the target location
inside the service area. The online phase of the FUSTL can be
divided into two processes, 1) the define parameter process and
2) the positioning process. First process, three environmental
parameters at the target location are measured (i.e. we scanned
about 20 sampling) and are used for both the removing outliers
and an average calculation. Lastly, the average value of the
temperature and the relative humidity are used to classify the
temperature level.

The information of the target location is labeled consists of
[T, H,, L, S,]. Where T, and H, represents the average value
of temperature and the relative humidity. L, refers to the
temperature level of the target location. The RSS vector at the
target location received form RNs is assumed as vector S, = [s7,
$2, .oy Su 5 ..., Sn]. Where s, represents the average RSS
received from RN n™.

Next, the second process is called the positioning process,
which used to estimate the coordinate x and y of the target
location. This process is divided into two procedures consist of
the temperature level-filter and Weighted k-Nearest Neighbor
(WKNN) calculation. The temperature level-filter is used to
classify different zones of the service areas. This classification
will compare the temperature level between the location
fingerprint (L;) and the target location (L,). Then, all location
fingerprints that same temperature are used for WKNN
calculation.

Finally, the Weighted k-Nearest Neighbor approach is used
to estimate the target location by using (1) to (4). Where d;
represents the Euclidean distance between the location
fingerprint j and the target location, which is calculated by
using (1). The variable &, is the smallest Euclidean distance u™,
for u=1, 2, 3, ..., k (i.e. we assign k=4). Where coordinate of
target (x, y) estimated by using (2) and (3), while the weighted
value of k nearest neighbor’s coordinate (i.e. the location of the
smallest Euclidean distance of first k order) are calculated by
using (4). Where x, and y, denotes x- and y-coordinate of the
location estimation, x, and y, refers to x- and y-coordinate of
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the nearest neighbor ™, and w, refers to the weighted value of
nearest neighbor u™.

An example of the operation of The FUSTL illustrates in
Figure 2. We assume that the system can classify the
temperature level into 5 levels as show in Fig. 2(A). In the
temperature level-filter procedure, the proposed technique will
select the location fingerprints with same target’s temperature
level (i.e. L, = 3) as show by green area in Fig. 2(B). Next, all
of the location fingerprints within green zone are used to
compute the target location. Finally, the target location (x,, y,)
is estimated by using Weighted k-Nearest Neighbor approach
as show in Fig. 2(C). The proposed technique does not need to
conduct at all of the location fingerprints in the database.
Instead, only the similar area or same zone are considered.

1)

v u 2)

" :z_:y" h (©)

oe

B. Environmental Parameter Classification

To utilize the environmental parameters for indoor
positioning system, the information of the temperature and the
relative humidity is analyzed. The both information was
recorded on the library building at Suranaree University of
Technology. During the time between 8AM to 6PM, we
recorded the environmental information at the ten different
locations inside the building (i.e. one day for one location). The
two different group areas are collected which consist of outside
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(B) Considering location with same level of

(1% - 5™ Jocation) and inside (6™ - 10" location) the air rooms.
Figure 3 reports the temperature information that are collected
by all ten locations. We observed that the temperature
information can identify into two groups, which include
outside and inside the air rooms. Except the 7" location (the
red solid line), this location affected by a climate variability
such as a heat wave. Thus, the temperature information of 7™
location has more than other locations inside air room. This
leads to false temperature level classification of the 2™ location
and the 7" location (i.e. the overlapping of temperature in 26-
28 °C).

Fortunately, this problem can solve by using the relative
humidity information that has been affected less than the
temperature information. In Figure 4 reports the relative
humidity information that are collected by different ten
locations. We observed that the relative humidity at the 2™
location and the 7" location can clearly separate. The 2"
location (the red dash line) has high the relative humidity value
over 60%, while the 7™ location with the climate variability
(the red solid line) has less than 60%. Thus, using combination
of both environmental parameters could be improved the
accuracy of temperature level classification and also solve the
problem of climate variability. Figure 5 describes the
temperature level classification process of this work. Note that
in this work, we provided an example of a classification
guideline which only consider temperature level of
classification with two temperature levels (i.e. hot and cool).
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Fig. 3. The temperature information at the Library building during 8AM to
6PM.
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Fig. 5. Flowchart of temperature level classification.

III. EXPERIMENTAL SETUPS

To validate our proposed indoor positioning framework, we
compare and analyze the proposed FUSTL with the existing
basic techniques based on the fingerprinting approach, which
consist of Euclidean distance and WKNN approach. The 1%
floor of the NECTEC building was used to test the location
determination performance of the three different techniques.
The service dimensional area is approximately 30m x 60m and
The four RNs that represented by orange circle which were
installed around area as shows in Fig. 6. The 330 locations
were used to collect the location fingerprints (i.e. the grid
spacing is fixed at 2m). The 100 of test points were randomly
selected to analyze the performance of three different
positioning techniques.

Moreover, we deployed IEEE 802.15.4 wireless nodes
which are based on Freescale MC13224V third generation
chipset with built-in ARM7TDMI processor. Those sensors use
channels in the same frequency that operate at 2.480 GHz (i.e.
channel 26 of IEEE 802.15.4 standard [7]). The mobile node
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Fig. 6. Experimental area at NECTEC building.

(i.e. target node) is connected to a computer notebook on which
the location determination algorithm is executed. For more
details of the wireless transceiver were utilized in this work
that described in [11].

IV. RESULTS AND DISCUSSION

To analyze and compare the results of different indoor
positioning  techniques, we consider three location
determination performance which consist of an accuracy, the
precision, and the computational complexity. Table I reports
the performance of three different positioning techniques. We
first consider the accuracy performance that explained by the
average error distance. In this result, we found that the
proposed FUSTL provides the accuracy performance result
higher than other techniques. The FUSTL can achieves the
average error distance about 1.59 meters, compare to 2.17
meters for the Euclidean distance and 1.89 meters for the
WKNN algorithm. The results show that our proposed
technique provides the accuracy performance better than
Euclidean distance and original WKNN algorithm about
26.73% and 15.87%, respectively.

Next, Figure 7 illustrates the Cumulative Distribution
Function (CDF) of error distance obtained by three different
techniques. This result is used to explain the precision
performance of the indoor positioning system. In this results in,
we found that the FUSTL provides the highest precision
performance, which can achieves approximately 90% precision
at approximately 3 meters. This means that the 90 of 100 in
estimating a location, an error distance of proposed technique
is not greater than 3 meters, while the Euclidean distance and
original  'WKNN algorithm have the lower precision
performance about 66.6% and 79.1%, respectively. Moreover,
when we consider the 80% of estimation error as shows in
Table I. Our proposed technique does not error more than 2.52
meters, while Euclidean distance and original WKNN have an
error distance up to 3.80 meters and 3.05 meters, respectively.
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TABLE L LOCALIZATION PERFORMANCE OF THREE DIFFERENT
TECHNIQUES AT THE NECTEC BUILDING
X | Precision | Precision 80% of 90% of

Techniques (f“mq in3m. ind4dm. estimation | estimation

m.) (%) (%) error (m) error (m)
FUSTL 1.59 90.07 98.61 252 3.01
Euclidean 249 66.61 82.84 3.80 4.65
WKNN 1.89 79.07 93.83 3.05 3.65

Figure 8 plots the probability density function (PDF) of
complexity in term of computation time during online
positioning phase. The results show that our proposed
technique provides the best complexity performance result,
which has the greatest value of probability density of
computation time between 14.3 msec. to 14.7 msec.. In other
words, the probability that the running time computation
during online positioning phase of the FUSTL is required about
14.3-14.7 msec. compare to 16.1-16.4 msec. for the Euclidean
distance and 19.6-19.9 msec. for the WKNN algorithm. This
performance is very importance for the indoor positioning
system based on the fingerprinting database. Since, increasing
of the service area such as a large building or the multi-floor
building, this lead to more search space in the database and
could become very high requirement for the computational
time.

Moreover, Figure 9 reported an error distance between the
actual target location and the estimated location of the eight
test points on the 1* floor of NECTEC building. Where the
pink circle represent the actual location of target, while
different color points represent the estimated location obtained
from three different techniques. In this result, we observed that
the accuracy performance of the FUSTL (the blue star)
provides smaller an error distance from the actual target
location than other techniques. Particularly, it is clear that our
proposed technique can determine the target location within the
same zone or same temperature level of the actual target
location. Thus, the FUSTL can estimate the target location
which an error distance has not exceeded the room area.

Cumulative Distribution Function

L . n L L . . s
4 5 6 2 8 9 10
Error distance (m)
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Fig. 7. CDF of error distance at the NECTEC building.
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Fig. 8. PDF of conpuatational complexity during online positioning phase.

The reason for the proposed FUSTL can outperforms other
techniques such as the original WKNN algorithm, which are
almost the same technique. Since the temperature level
classification were used to classify the service area into the
unique sub-areas. This procedure can filter the location
fingerprints that seem irrelevant (i.e. mismatched temperature
level) to out consideration. Hence, our proposed technique can
reduce the error in term of a matching RSS pattern in the
database. Specifically, the FUSTL not only provide the
accuracy and precision performance better than the original
techniques based on fingerprinting techniques, but also provide
lower computational complexity than those techniques.

[ECTEC building
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Fig.9. An error distance between the actual location and the estimated
location of eight test points at the NECTEC building.
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V. CONCLUSION

In this paper, we present new combination positioning
technique for the indoor positioning system. This technique
based on the fingerprinting approach is called FUSTL
technique. Our proposed technique takes into account an
environmental data in conjunction with RSS information in the
fingerprinting database. The environmental data, such as room
temperature and humidity, is used to classify different zones of
the service areas. The experiments were conducted to compare
the proposed techniques with the other standard positioning
techniques. Experimental results shown that the proposed
combination technique is more the location estimation
performance compared to the Euclidean distance and original
WKNN. Our proposed technique not only provide the highest
the accuracy and the precision performance, but also achieve
the lowest complexity in term of computational time.
Particularly, the positioning accuracy of our proposed
technique is 15% to 27% higher than those of the other
techniques whereas the computational complexity of our
technique is 12% to 36% lower than those of the other
techniques

Our future work, we will also integrate other procedure of
indoor positioning systems to consider not only the target
position in two-dimensional service areas but also the floor
location of target in the indoor multi-story building.
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An Enhanced Floor Estimation Algorithm for Indoor
Wireless Localization Systems Using Confidence
Interval Approach

Kriangkrai Maneerat, Chutima Prommak

Abstract—Indoor wireless localization systems have played an
important role to enhance context-aware services. Determining the
position of mobile objects in complex indoor environments, such as
those in multi-floor buildings, is very challenging problems. This
paper presents an effective floor estimation algorithm, which can
accurately determine the floor where mobile objects located. The
proposed algorithm is based on the confidence interval of the
summation of online Received Signal Strength (RSS) obtained from
the IEEE 802.15.4 Wireless Sensor Networks (WSN).We compare
the performance of the proposed algorithm with those of other floor
estimation algorithms in literature by conducting a real
implementation of WSN in our facility. The experimental results and
analysis showed that the proposed floor estimation algorithm
outperformed the other algorithms and provided highest percentage
of floor accuracy up to 100% with 95-percent confidence interval.

Keywords—Floor estimation algorithm, floor determination,
multi-floor building, indoor wireless systems.

I. INTRODUCTION

HE rapid pace of technological advancement in wireless

communications is currently the major driving force of the
development of several indoor location services for wide
range of applications such as those in commercial, agriculture,
medical, and the military uses [l]. Various wireless
technologies can be employed for indoor positioning
applications. Some systems make use of an existing wircless
network infrastructure such as Wi-Fi [2]-[6]. More flexible
and cfficient systems employ IEEE 802.15.4 Wireless Sensor
Networks (WSNs) due to the advantages in term of low power
consumption, light weight and low cost [7].

Existing indoor localization systems can be classified into
three types based on the structure of service areas. These
include the indoor localization systems for two-dimensional
service areas, three-dimensional service areas, and multi-story
building [1], [8]. Most of existing systems are designed for
usages in two-dimensional arcas where the position of target
object is specified by a coordinate (x, y) [8]. The second type
of the indoor positioning system considers a three-dimensional
space in a small service area, such as in a room. The state of
the object location is derived in the form of coordinate (x, y, z)
[9]. Lastly, the positioning systems designed for the indoor
multi-story building need to specify not only coordinate (x, y)

K.Maneerat and C. Prommak are with the School of Telecommunication
Engineering, Suranaree University of Technology, Thailand (e-mail:
kkayor@hotmail.com, cprommak @sut.ac.th).
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in two-dimensional plane but also the floor where the object
located [2]-[5].

An important performance of the positioning system for
indoor multi-floor building is to accurately determine the floor
number. False floor estimation could lead to serious injury or a
death. For instance, in emergency situations such as fire, if the
system incorrectly estimates the floor where the target located,
the victims of fire or the firefighters may be in danger [6].

For this reason, we propose an effective floor estimation
algorithm to determine the current target’s floor in the
environment of the multi-story building. In this work, we
focus on floor determination only and use the online RSS
collected via IEEE 802.15.4 network interface to estimate the
floor number of target. In addition, the proposed floor
estimation algorithm is compared with other techniques in
literatures.

The remaining sections of this paper are organized into six
sections as follows. In Section II, existing floor determination
techniques are reviewed. Section III, we explain the proposed
floor estimation algorithm. Section IV, the experimental setup
of this work is described. Section V provides experimental
results and analysis. Finally, Section VI concludes the paper.

1. EXISTING TECHNIQUE

In wircless indoor positioning systems for multi-floor
buildings, an error location of a target within the two-
dimensional plane might mean a false room or error distance
in a few meters. On the other hand, the false floor estimation
could mean a wrongly detection of the target on a car parking
floor instead an office floor. Therefore, the problem of the
floor determination is another important issue for positioning
problem besides the target’s coordinate. It should not be
overlooked for the multi-floor positioning systems that require
acceptable accuracy. This reason has motivated researchers to
develop the floor estimation algorithm to extend the capability
of indoor positioning system.

Based on our review, there are three different types of
multi-floor positioning techniques. First type, the floor number
is estimated in the first step and then the coordinates x and y
(target location) is determined later. Second type, the location
of target is estimated first and then the floor number is
specified later. Third type, the target location and its floor
number are defined simultancously. The authors in [2]
presented the positioning algorithm employing WLAN
infrastructure. The technique in [2] is the first type of multi-

1182 scholar.waset.org/1999.4/9998844
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floor positioning techniques which based on fingerprint and
Euclidean Distance. At the first stage, the determination of z-
value (floor number) is estimated. While the second stage, the
estimated x- and y-coordinates are calculated. Likewise the
authors in [3] proposed Wi-Fi-based indoor positioning system
that combined both characteristics of trilateration and scene
analysis method. Their algorithm could estimate a target’s
floor by using signal strength of access points (APs) from
different floors and then the location of the target is
determined. The authors in [4] presented multi-floor
positioning technique that did not require a time-consuming
offline phase in order to build the radio map. In online phase,
their positioning algorithm computes the user location and the
floor number, respectively. The authors in [5] proposed the
fingerprint method uses a previously stored map of the signal
strength at several positions and determines the position using
similarity functions and majority rules. Thus, their technique
could calculate the location and the floor number of the target
at the same time.

The authors in [10] proposed new Wi-Fi-based indoor
positioning algorithms in order to determine the floor number
of target. The two different approaches which used Wi-Fi
signal to estimate the target’s floor are designed as called the
nearest floor algorithm and the group variance algorithm.

A. Nearest Floor Algorithm

This algorithm based on the K-Nearest Neighbor algorithm
(KNN algorithm) is called nearest floor algorithm. This
technique requires collecting the RSS during offline phase in
order to build the database. It does not need to record the
signals from all APs. Instead, only the best signal as maximum
RSS value for each AP are recoded into the reference
database. In the reference database, the information includes
reference identification (reference ID), MAC address of APs,
the floor number, and the maximum RSS, respectively.
Whenever there is a request for a floor determination, the
system will compare the strong Wi-Fi signal reading in the
online phase with the reference database. Their system will
select the closest k APs (k=3). Finally, the best matched floor
number from the reference database is selected.

B. Group Variance Algorithm

This algorithm will consider the distribution of the RSS
values in each floor. It takes into account three online
statistical parameters obtained from each AP, which consists
of the range, the variance, and the availability. The algorithm
adds weighted values based on their proposed criteria to
determine the best score called floor points that use for
selecting the floor number. Whenever there is a request for
target’s floor, all above online statistical parameters were used
to calculate the floor points. After comparing the floor points
on each floor, the algorithm selects the estimate floor number
with the maximum number of floor points.

III. THE CIS-RSS FLOOR ALGORITHM
In this section, we describe our floor estimation algorithm
for the indoor multi-story positioning system. Our proposed

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

algorithm enhances the technique presented in [11]. The
algorithm proposed in this paper utilizes the online RSS values
received from the reference nodes (RNs) to determine the
floor number where the target node is located. The RNs are
IEEE 802.15.4 wireless transceivers that are installed on each
floor and can respond to a signal inquiry from a target node of
which we want to know the position.

Fig. 1 illustrates an example of the structure of the indoor
positioning system in the three-story building. In this diagram,
four RNs are installed on each floor. Dashed lines represent
RSS that the target node receives from all RNs. Our approach
does not require time consuming procedure during the offline
phase to create the RSS database (i.e. Fingerprint). Instead,
only uses the RSS values gathered in real time to perform the
floor determination.

The proposed floor estimation algorithm is called the
Confidence Interval Sum-RSS (CIS-RSS) floor algorithm. We
use the statistical properties of data sets based on the
confidence interval of RSS summation which aim to estimate
the target’s floor. Fig. 2 depicts the flow chart of the CIS-RSS
floor algorithm. First, the target node scans RSS vector from
RN installed within the multi-floor building. The RSS vector
consists of set of RSS values and the reference node IDs.
During the signal inquiry process, the RSS vectors transmitted
from each RN are scanned about 20 times. If RSS from any
RN cannot be received, it is assumed that the RSS value is
equal to -110 dBm.

3 floor ‘

: Reference Node

: Target Node

20 flawr

15t floor

Fig. 1 Floor determination schematic diagram
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RSS Scan 20 times.

Check RSS
from all

No

LRSS value
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availability
RNs
O

Calculate confidence interval of set sum of RSS

®(A,)

!

Choose the floor that has highest confidence interval

floor = argmax(M(A , )

Indicate the floor number

Finish

Fig. 2 Flow chart of the CIS-RSS floor algorithm

Next step, the confidence interval of set of RSS summation
@(Ay) is calculated by using (1) where A, is set of RSS
summation on floor f* which denote by {/ 72:..7 5. 7).
The summation of RSSyis computed by using (2), where 7,
represents the sum of RSS value which is?" measurement
from all RN on floor f" and p7, refers to the RSS value which
is 7" measurement from RN n" on floor f”. Using (3) to (5),
we calculated the lower limitZ,, the upper limit L,, and the
probabilityl-4 that the mean of RSS (x)will lic between L,
and L,. Here, I is the number of sampled RSS, ¢ is the number
of floors in the multi-story building, N is the number of RNs
on cach floor,@isthe sample standard deviation and tp . 1y is
the (1-(f/2))-quantile of t-distribution with P probability and I"
sample[12]. Note that equal number of the RNs is installed on
cach floor.

Finally, our floor estimation algorithm selects the floor
number that results in the highest confidence interval of RSS
summation and reports the floor number where the target node
situated. The pseudo code of the CIS-RSS floor algorithm is
shown in Table I.

P(Lyspus<l)~1-P (1
N

vi= anl Pin 2)

Ly =n() - tll-(ﬁ/z) ; r-1] err) 3)

L, =n() + t[l'(ﬁlz);rq] azr(r) )

B = [(100 - ¢)/100]/2 5)
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TABLEI
PSEUDO CODE FOR CIS-RSS FLOOR ALGORITHM
Input: Online RSS vectors
Output : Floor number
1: Select a percent confidence intervalC

2: Select a raw data of target on fe ¢

3: Repeat

4: Repeat

5 Repeat

6: Fr=X(ph) foralln =N
7 Until =T

8: SetA;={ /0 7}

9: Until f= ¢

10: Calculate ®(Ay) with%CI = Cfor all fe ¢ ;
11: If @(Ay) of 1% and 2 is overlap
12: then reduce €

13 ElseCis the %CI of sum of RSS

14: Until stopping condition = true
15: Select fhighest ®(A,) is the floor of target with%CI= C

IV. EXPERIMENTAL SETUPS

We conducted real implementation and measurement to
analyze the accuracy of the proposed floor estimation
algorithm, compared with other algorithms in the literature. In
particular, we compared our results with those of the nearest
floor algorithm and the group variance algorithm [10]. The
experiments were setup in the three-story Library building at
Suranaree University of Technology. Figs. 3 (a) and (b) show
the service environment and the floor’s dimension (35m x
35m), respectively. Fifty test points on each floor (i.e. totally
150 test points) were randomly selected to analyze the floor
estimation algorithm.

Two different implementations of RNs were considered in
our experiments. The first scenario deploys two RNs on each
floor whereas the second scenario deploys four RNs on each
floor. Fig. 3 (b) shows the cases of using four RNs on each
floor of the library buildings (RN1 to RN4). All of RNs are
installed at the height of 2m while the mobile node (i.c. target
node) is connected to a computer notebook on which the floor
estimation algorithm is executed. The height of the wireless
transceiver of the target node is 0.8 m. IEEE 802.15.4 wireless
transceivers were deployed in this work. They have Free scale
MC13224V  third  generation chipset with  built-in
ARMT7TDMI 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). Table II shows
specifications of the wireless transceivers used in our
implementation.

TABLEII
SPECIFICATION OF A WIRELESS TRANSCEIVER
Specification Detail

Manufacturer Free scale
Chipset MC13224V
Frequency range 2.405 GHz - 2.480 GHz
Transmit power +3 dBm
Sensitivity -95dBm
Operating channel CH 26 (i.e. 2.480 GHz)
Antenna type Inverted F-antenna
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V.RESULTS AND ANALYSIS

First, we analyze characteristics of the RSS summation
from all RNs installed on different floor. We consider the case
that deploys four RNs on each floor. We recorded the RSS at
the 77" test point on the second floor of the library building.
Fig. 4 shows the Probability Density Function (PDF) of the set
of summation of RSS that the test point obtained from all RNs
on cach floor. We can observe that the sum-RSS obtained
from RNs on the second floor (i.e. blue line in Fig. 4) is higher
than the sum-RSS obtained from RNs on the other floors. It
means that the set of sum-RSS obtained from RNs on the floor
where the target node located is stronger than those received
from RNs located on the other floors. We use these observed
results and characteristics to develop the floor estimation
algorithm which can indicate the floor number of test point as
described in detail in Section IIL

Next, we demonstrate how well the proposed floor
estimation algorithm works. We consider the case that deploys
four RNs on each floor as shown in Fig. 3. Performance of the
proposed algorithm was evaluated by measuring the
confidence interval of sum-RSS of signal from different
floors. For example, consider the box plot of sum-RSS at the
77" test point of the library building as shown in Fig. 5. The
top line and the bottom line of the box represent the upper
limit and lower limit of the confidence interval of sum-RSS.
The pink line in the middle refers to the average of sum-RSS
value. In Fig. 5, the highest box and the other boxes are clearly
separated. It means that the floor number of the target node
can be accurately determined by using the highest confidence
interval of sum-RSS at 95% CI. In this case, the floor that the
target node located is the second floor.

Moreover, the accuracy of the proposed floor estimation
algorithm, CIS-RSS floor algorithm, was ecvaluated by
comparing the percentage of the correct floor estimation with
that of the other techniques in the literature. In particular, we
compare with the nearest floor algorithm and the group
variance algorithm [10]. We conducted two scenarios of RN
deployments (i.e. installing two RNs and four RNs on each
floor). For each scenario, we conducted 150 test points (50 test
points on each floor).

Table III compares the percentage of the correct floor
determination among three algorithms. The results show that
the proposed CIS-RSS floor algorithm outperforms the other
two algorithms in all scenarios. The CIS-RSS floor algorithm
results in the highest percentage of correct floor determination
up to 100% in all scenarios whereas the nearest floor and the
group variance algorithm yield the correct floor estimation
less than those of the CIS-RSS floor algorithm.

International Scholarly and Scientific Research & Innovation 8(7) 2014
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Fig. 5 Confidence interval of 77" test point at Library building

TABLE III
PE_RCENT/\GE OF THE CORRECT FLOOR ESTM/\TION

Number of RNs deployed on each floor

Hloge : 2RNs 4RNs
CIS-RSS 100% 100%
Nearest Floor 99.3% 96.0%
Group Variance 85.3% 85.3%

VI.  CONCLUSION
In this research, we presented the floor estimation algorithm
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for the indoor multi-story positioning systems. This algorithm
is called CIS-RSS floor algorithm that use the statistical
propertics of RSS received in online phase to determine the
floor number where the target node is located. The proposed
algorithm does not require the offline phase to create maps of
the radio signal strength. Extensive experiments were
conducted to compare the proposed algorithm with the other
floor estimation algorithms. The experimental results showed
that the CIS-RSS floor algorithm outperformed the other
algorithms and could achieve highest percentage of the correct
floor estimation up to 100% with 95-percent confidence
interval. Besides the accuracy performance of floor algorithm,
our floor algorithm could provide the robustness of system;
increasing the number RNs do not affect the performance of
CIS-RSS floor algorithm.

Our future work will incorporate other parameters of the
indoor environments to determine not only the floor number
but also the target position in the indoor multi-story building.
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Floor Estimation Algorithm for Wireless Indoor

Multi-Story Positioning Systems

Kriangkrai Maneerat and Chutima Prommak*
School of Telecommunication Engineering
Suranaree University of Technology, Thailand

Abstract—Wireless indoor positioning system has become one of
important components in context-aware applications over the
years. However, there are still some unsolved problems such as
floor determination of mobile target in multi-story buildings.
Therefore, this paper presents a simple floor estimation
algorithm, which can accurately determine the mobile target’s
floor. The proposed algorithm is based on the use of Received
Signal Strength (RSS) obtained from wireless interface of sensor
node in IEEE 802.15.4 Wireless Sensor Network (WSN). The
performance of the proposed algorithm is compared with the
nearest floor and the group variance algorithms found in the
literature using a real implementation of IEEE 802.15.4 wireless
sensor network in our facility. The experimental results showed
that our proposed floor estimation algorithm provided the
highest floor accuracy with the floor estimation precision of more
than 90%.

Keywords- Indoor Positioning System; Multi-floor Building;
Floor D i ; Floor Estii Algorithm.

L INTRODUCTION

During the last decade, the growth of wireless sensor
network technologies have led to several new applications
which allow embedded computer system to better serve its user
according to user’s context and location. One of the services of
Wireless Sensor Networks (WSNs) is a location tracking of
person or equipment which is equipped with wireless sensor
node inside building. In this context, the wireless sensor
network becomes an indoor positioning system, which can
determine user’s location and track user’s position. Although,
the well-known Global Positioning System (GPS) can
effectively provide position for outdoor areas, it cannot be
deployed in indoor environments because the satellite signal
cannot penetrate into the building [1].

Among different approaches that utilize radio frequency
signal to determine a location, the approach that uses Received
Signal Strength (RSS) of wireless transceiver is the most
promising solution. The main reasons are that it is simple to
collect RSS on most hardware and it does not require any
complex hardware and software to measure time or angle of the
signal as in those time-of-amrival and angle-of-arrival
approaches. A technique that simply uses pattern of RSS from
a number of wireless signal sources to estimate a location is
called location fingerprinting technique. This technique is
usually deployed in two phases: the offline phase and the

‘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 National Research Council of Thailand (NRCT).

v(:orresponding author

978-1-4799-2993-1/14/$31.00 ©2014 IEEE

Kamol Kaemarungsi

National Electronics and Computer Technology Center,
NSTDA, Pathumthani, Thailand

online phase. The offline phase includes the collection of RSS
patterns at various locations in order to build the location
fingerprints stored in a database called radio map [2]. The
online phase or positioning phase determines the location of
target using various location determination techniques and
algorithms.

Thus far, most indoor positioning systems in the literature
are based on studies of two-dimensional space. For instance,
the research works of [3], [4], and [5] are based on Wi-Fi
network and for one-floor systems only. They focus on
different aspects of the systems which are a combination of
modeling, design, implementation, or comparison of
positioning techniques such as triangulation [3], neural network
[4], and particle filter [5]. However, indoor positioning
applications are not limited to finding target’s location within
two-dimensional plane with the highest accuracy and precision.
They also want to know which floor number the objects locate
inside the building. Such location determination system is
called multi-floor positioning system. Traditionally, the
algorithm in the online phase of two-dimensional system will
compute the target’s location in x and y coordinates only. On
the other hand, multi-floor positioning systems must be able to
report the floor number of the target Clearly, indoor
positioning techniques for two dimensional systems are not
sufficient to estimate the object’s location within the multi-
story buildings.

To solve the problem of multi-floor location determination,
we propose a simple floor estimation algorithm to determine
the current target’s floor. In this work, we focus on floor
determination only and use the RSS collected via IEEE
802.15.4 [6], [7] network interface to estimate the target’s
location. The use of wireless sensor network with limited
computing power requires a low complexity algorithm that can
provide accurate floor estimation. The proposed algorithm is
compared with similar floor estimation algorithms in the
literature.

The remaining sections of this paper are as follows. In
Section II, existing floor determination techniques, which are
the nearest floor algorithm and the group variance algorithm,
are reviewed. Section III describes our proposed algorithm
Section IV and V discussed the experimental setups and results
obtained from different algorithms, respectively. Finally,
Section VI concludes this paper.
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I.  EXISTING TECHNIQUES

In wireless indoor positioning systems for multi-floor
buildings, an error location of a target within the two-
dimensional plane might mean a false room or error distance in
a few meters. On the other hand, the false floor estimation
could mean a wrongly detection of the target on a car parking
floor or on an office floor. Therefore, the problem of the floor
determination is another important issue for positioning
problem besides the target’s coordinate. It should not be
overlooked for the multi-floor positioning systems that require
acceptable accuracy. This reason has motivated researchers to
develop the floor estimation algorithm to extend the capability
of indoor positioning system.

Based on our review, there are three types of multi-floor
positioning techniques. The first type estimates the floor first
and then determines the target’s location later. The second type
estimates the target’s location and then specifies floor number
later. The third type defines the target’s location and its floor
number simultaneously. In [8], the authors proposed Wi-Fi-
based indoor positioning system that combined both
characteristic of trilateration and scene analysis methods. Their
algorithm could estimate a target’s floor by using signal
strength of access points (APs) from different floors and
therefore could determine the location of the target. In [9], the
authors presented multi-floor positioning technique that did not
require a time-consuming offline phase in order to build the
radio map. The algorithm in the online phase computes the
user’s location first and then the floor number later. In [10], the
authors studied how to reduce offline phase effort by collecting
only labeled data on one floor (i.e. location fingerprints), while
collecting unlabeled data on other floors. The location
estimation process in the online phase is used to find the best
match in database. Thus, their technique could compute the
location and the floor number of the target at the same time.

In [11], the authors proposed new Wi-Fi-based indoor
positioning algorithms in order to determine the target’s floor.
They designed two different approaches which used Wi-Fi
signal to estimate the target’s floor. Their approaches are called
the nearest floor algorithm and the group variance algorithm

A Nearest Floor Algorithm

This algorithm based on the K-Nearest Neighbor algorithm
(KNN algorithm) is called nearest floor algorithm This
technique requires collecting the RSS during offline calibration
phase in order to build the database. They do not need to record
the signals from all APs to build fingerprint database. Instead,
the algorithm only records the best signal as maximum RSS
value for each AP into its reference database. In each row of
the reference database, the algorithm includes reference
identification (reference ID), MAC address of APs, the floor
number, and the maximum RSS, respectively. Whenever there
is a request for a floor determination, the system will compare
the strong Wi-Fi signal reading in the online phase with the
reference database. Their system will select the closest k¥ APs
(k=3). The final result of this algorithm is the selection of the
best matched floor number from the reference database.

B. Group Variance Algorithm

The group variance algorithm considers the distribution of
the RSS values in each floor. It takes into account three
statistical parameters obtained from each AP, which consists of
the range, the variance, and the availability. The algorithm adds
weighted values based on their proposed criteria to determine
the best score called floor points for selecting a floor number. It
utilizes the RSS statistics during online phase only. Whenever
there is a request for target’s floor, all above statistical
parameters were used to calculate the floor points. After
comparing the floor points on each floor, the algorithm selects
the estimate floor number with the maximum number of floor
points.

III.  SuM-RSS FLOOR ALGORITHM

In this section, we will describe our floor estimation
algorithm for the indoor multi-story positioning systems. The
proposed algorithm utilizes the online RSS values received
from the reference nodes (RNs) to determine the floor number
where the target node is located. RNs are wireless transceivers
that are installed on each floor and can respond to a signal
inquiry from a target node of which we want to know the
position.

Fig. 1 illustrates an example of the structure of the indoor
positioning system in the three-story building. In this system,
four RNs are installed on each floor. Dashed lines represent
RSS that the target node receives from all RNs. Our approach
does not require time consuming procedure during the offline
phase to create the database of the radio signal strength.
Instead, the proposed algorithm utilizes the RSS values
gathered in real time to perform floor determination.

The proposed algorithm will be called the sum-RSS floor
algorithm. 1t simplifies the concept of signal summation and
determines the target’s floor by calculating summation of the
average RSS values from all RNs of each floor as written in (1)
where Sy, refers to average RSS value from RN n™ on floor £, N
denotes the number of RNs on each floor. Note that the number
of RNs on each floor is equal and the unit of Sy, and Sumy are
dBm.

N
Sum/ = ZSﬁl )

n=l

Fig. 2 depicts the flow chart of the sum-RSS floor
algorithm. First, the target node scans RSS vector from RNs
inside the building. This results in a set of RSS values and
reference IDs of RNs. During the signal inquiry process, we
scan the RSS vector 100 times from each RN. Then, if the RSS
value from any RN is not available, we will assume that the
RSS value of such RN is -110 dBm. This means that the
received signal at the target node from that RN is too weak.
Then we use the 10- and 90- percentiles approach to remove
RSS values which are outliers [12]. After that the average RSS
value of each RN is calculated by using the remaining data
points of RSS values. Then we calculate the summation of the
average RSS value on each floor as written in (1). Finally, our
floor estimation algorithm selects the floor number that has the
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highest value of RSS summation and reports the floor where
the target node situates.

1 : reference node

@ : target node

Figure 1. Floor determination schematic diagram, each line show the RSS
from different RNs
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Figure 2. Flow chart of the sum-RSS floor algorithm
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IV. EXPERIMENTAL SETUPS

Extensive experimental studies were conducted to analyze
the accuracy of the proposed floor estimation algorithm,
compared with other algorithms in the literature, including the
nearest floor algorithm and the group variance algorithm [11].
The three-story library building at Suranaree University of
Technology was used as a test bed. The area’s dimension of
each floor is approximately 35m x 35m with the floor plan as
shown in Fig. 3. Fifty test points on each floor were randomly
selected for the floor determination test (blue stars in Fig. 3a-
c).

Two scenarios of the multi-story positioning system were
used in the experiments. The first scenario deploys two RNs on
each floor whereas the second scenario deploys four RNs on
each floor. Fig. 3a to 3¢ show the cases of using four RNs on
each floor. Fig. 4a depicts one of RNs which is installed at the
height of 2m. Fig. 4b depicts the target node used for the floor
determination test. It is a mobile node consisting of the wireless
transceiver connected to a computer notebook where the floor
estimation algorithms were run. The height of the wireless
transceiver of the target node is 0.8m. The wireless transceivers

- 35m

Tmo
b. Sccond floor

(®) : Location of reference node

% : Test point

—Ba—

¢. Third floor
Figure 3. Experimental floor plan of multi-floor building

b. target node

a. reference node

Figure4. Experimental equipment in this work




of RNs and the target node were deployed using an IEEE
802.15.4 wireless nodes which are based on Freescale
MC13224V third generation chipset with built-in ARM7TDMI
processor. The antennas of RNs and target node are inverted F-
shape antennas and all nodes operate at 2.480 GHz (or channel
26 of IEEE 802.15.4 standard). Table I shows parameters of
the wireless transceivers used in our implementation.

V. RESULTS AND ANALYSIS

First we analyze characteristics of the received signal
strength from all RNs installed in different floors. We consider
the case that deploys two RNs on each floor. From Fig. 3, RN2
and RN4 of each floor are used. We recorded the received
signal strength at 50 test points on the third floor (blue stars in
Fig. 3¢). Fig. 5 shows the average received signal strength from
each RN at each test point on the third floor. Solid lines,
dashed lines and dotted lines are the average received signal
strength from RNs located on the first, second, and third floor,
respectively. We can observe that the dotted line tends to be
higher than the other lines. This means that for 50 test points on
the third floor, the received signal strength from RNs located
on the third floor is stronger than those received from RNs
located on the first and the second floor. Using these observed
results and characteristics, we developed the floor estimation
algorithm which can indicate the floor number where the test
point located as described in detail in Section III.

Next we demonstrate how the proposed floor estimation
algorithm works. We consider the case that deploys four RNs
on each floor as shown in Fig. 3. We want to determine the
floor number of the test point highlighted in yellow in Fig. 3b.
Table II reports the average received signal strength at the
considered test point from RN1, RN2, RN3, and RN4 located
on each floor. The last column on the right of Table II shows
the summation of the received signal strength from RNs of
each floor. We can see that the highest value is -318.9 dBm
which is the summation of the received signal strength from
RNs on the second floor. Thus, the proposed floor estimation
algorithm indicates that the considered test point is located on
the second floor which is correct.

Finally, the accuracy of the proposed floor estimation
algorithm, sum-RSS floor algorithm, was evaluated by
comparing the percentage of the correct floor estimation with
that of the other techniques existed in the literature, including
the nearest floor algorithm and the group variance algorithm
[11]. We conducted experiments based on two scenarios of the
multi-story positioning system. In the first scenario, two RNs
are deployed on each floor of the three-story building whereas
in the second scenario, four RNs are deployed on each floor (as
shown in Fig. 3). For each scenario, we conducted 150 floor-
determination tests on 50 test points of each floor (blue stars in
Fig. 3a-c).

Fig. 6 reports the percentage of the correct floor estimation
comparing three algorithms on those two scenarios. We can see
that the proposed sum-RSS floor algorithm outperforms the
other two algorithms in both scenarios. The sum-RSS floor
algorithm results in the comrect floor estimation higher than
90% in both scenarios whereas the nearest floor algorithm and
the group variance algorithm yield the correct floor estimation

TABLE L SPECIFICATION OF A WIRELESS TRANSCEIVER
Hardware Specification
Manufacturer Freescale
Chipset MC13224V
Frequency range 2.405 GHz —2.480 GHz
Sensor node
Transmit power 4.5dBm
Operating channel CH 26 (2.480 GHz)
Antenna Inverted F-antenna
TABLE IL RECEIVED SIGNAL STRENGTH STATISTICS FROM ALL RNs
ON EAcHFLOOR
Received Signal Strength (dBm) :“o:"gf\,ss
Floor
on each
RN1 RN2 RN3 RN4 Noor
1% -111.54 -116.14 -94.76 -83.98 -406.42
o -88.37 -87.44 -77.93 -65.16 -318.90
Cig -99.26 -99.14 9389 | -10053 | -392.82

o 3 [ I i 23 & 33 +)
Test point

—— RN Lanflaor! -~ == RN 1 on Ngor? —s— RN | an Noor
N Lon oorl === = KK Lon loor? —s— RN 2 on Noor

Figure 5. Average received signal strength from each RN at each test point

on the third floor (Casel - deploying two RNs per floor)

around 80% and 70%, respectively. Comparing two scenarios,
we can observe the effects of the number of RNs deployed on
each floor. In Fig. 6, we can see that all floor estimation
algorithms studied here yield better results in the case that
deployed four RNs on each floor. In particular, the sum-RSS
floor algorithm can increase the percentage of the correct floor
estimation up to 98.67%. Our future research will investigate
on this factor in more detail.

In analyzing the false floor estimation, we found three types
of errors. For the first emror, the algorithm could not indicate
the floor number because there are more than one answer. We
denote this error as can’t predict. The other two errors are one-
Sloor error and two-floor error. In case of the one-floor error,
the algorithm indicated one floor above or below the actual
floor number that the test point located. In case of the two-floor
error, the algorithm indicated two floors above or below the
actual floor that the test point located. Fig. 7 and Fig. 8 report
the percentage of the false floor estimation comparing three
floor estimation algorithms on those three types of errors for
the case that on each floor deploying two and four RNs,
respectively.
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Figure 6. The correct floor estimation of each algorithm in two scenarios
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Figure 8. The false floor estimation of each algorithm for four RNs on floor

Fig. 7 shows that the group variance algorithm results in
highest percentage of false floor estimation of the first and the
second type of errors. It can be observed that the one-floor
error occurs in all three algorithms. However, the sum-RSS
floor algorithm yields the lowest percentage of the false floor
estimation for the one-floor error. Note that the two-floor error
does not occur in this scenario in which two RNs were
deployed on each floor.

Fig. 8 shows superiority of the sum-RSS floor algorithm
compared with the other two algorithms in the scenarios in
which four RNs were deployed on each floor. We can see that
although the one-floor error occurs in all three floor estimation
algorithms, the sum-RSS floor algorithm results in the lowest

percentage of the false floor estimation, which is less than 1.5
%.

VI. CONCLUSION

In this research, we presented the floor estimation
algorithm for the indoor multi-story positioning systems. We
proposed a simple floor estimation algorithm named the sum-
RSS floor algorithm. Our algorithm utilizes the online received
signal strength from the reference nodes to determine the floor
number where the target node is located. The proposed
algorithm does not require the offline phase to create maps of
the radio signal strength. Extensive experiments were
conducted to compare the proposed algorithm with the other
floor estimation algorithms. The experimental results showed
that the sum-RSS floor algorithm outperformed the other
algorithms and could provide high percentage of the cormrect
floor estimation up to 98.67%. Our future work will
incorporate other parameters of the indoor environments to
determine not only the floor number but also the position of the
target node in the indoor multi-story building.
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