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National Chaio Tung University

Abstract

As micro-electro-mechanical systems (MEMS) and wireless communication
technologies advance, wireless sensor networks (WSNSs) have become one of the most
attractive research topics. Besides, the popularity of mobile devices and wireless
networks has driven the development of location-aware systems and services. Centric
to the location-aware services is the accuracy of localization method adopted in a
wireless network or wireless sensor network. However current localization algorithms
possess the following four drawbacks: (1) réquiring additional hardware, for example
the Global Position System (GPS); (2)-excessive deployment cost or localization
overhead; (3) environmental restriction indoor, for example, GPS works outdoors only;
(4) inaccurate localization.

Among the localization algorithms, the signal propagation-based localization
algorithm is the best algorithm since we ¢an ‘use it to locate sensor nodes by using
several reference sensor nodes with positions known in a priori. This approach is
applicable either indoors or outdoors and no extra positioning hardware is required in
the sensor nodes. However the signal propagation-based localization algorithm adopts
a static attenuation factor model and cannot adjust its modeling parameters in
accordance with the local environment. The environmental- unawareness of the
localization algorithms may affect significantly the accuracy of localization because the
obstacles between transmitters and receivers may vary one another. In this paper we
present an adaptive localization algorithm for WSNs that can dynamically adjust
ranging function to calculate the distance between two sensors. By adjusting the
ranging function dynamically, we can estimate the location of a sensor node more
accurately.

We use NCTUns simulator to verify the correctness and analyze the performance of
our algorithm. Simulation results show that our algorithm can indeed achieve more
accurate localization by using just a small number of reference nodes in a WSN.
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Average Signal Propagation Model
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Bl 2.2  Average Path Loss (log-log scale)
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2 X4dB e A AL 5 (4R G)FEF AT LT

PL(d)[dB] = PL(dg) +10nLog (di) + X (6)
0

dRERRT oS X gD aRBAPE > FoE R BRI R
B R REP - E R w212 £ 220

Environment Path Loss Exponent (n)
Free space 2

Urban area cellular radio 2.7~35

In building line-of-sight 16~18
Obstructed in building 4 ~6
Obstructed in factories 2~3

# 2.1 Path Loss Exponent for Different Environment , from [6]




Material Type Partition Attenuation Factor (X[dB])
Concrete wall 8~15

Concrete floor 10

All metal 26

Foil insulation 3.9

Dry plywood (3/4 in) — 1 sheet 1

# 2.2 Partition Attenuation Factor , from [6]

B ERRAL 0 NP A FRBETRIE G BLR R LR &E@mﬁx#& g
WAL b0 S i R RO o 2 X ST F] SR B0 o
e @R pen 2 Xl RATNEX (4 A g v Brrip| § mwi R
Ror 2B E R SR SRl o/ N R FAP AT Bk B
- ,*rsg:g i ORE LR R PRl (b T 0 1 Rd kenn 2 X #oE R
oo R IR R o

TR BB % ¥ & 5 F 5 (Reflection) ~ + #(Interference) ~ ¥& 84
(Diffraction) 12 2 4z &+ (Scattering) » * & 8_% @i T B2 A B 48 > 7 P F
e TG F KR A BAEARR T ARE R T AR BRI T
B G BRI B TR B R S RS D PR F IR T g AT
IR G 0 FTHP] B R B S @ REDT G AT AR IR % o

d o RREABEAPER NPT U F e R 2 nJEr— L%
FAF R bl E BRBERT T PR g BRI miz—]— P LEL
E R E FIN X DR e LG DRy o TR ?m% Foos g
FIUBLNF R o LA T B RGHETI R heh > FFG R Bn 3 R
EFIED B oA ML Bl 0 P2 {8 B PR gL F
%fuﬁiﬁi%ﬁﬁ%%%é PRty € A2 R IR o A A4 multipath R 3E o AP A
157 A BB R R T F 0 S 2 40T
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® Ei-i%

FEELEEE SRR S S T

ﬁ%%@%wﬁﬁkwi@m%ﬁﬁmﬁﬁﬁ?ﬂﬁﬁmiﬁ{ﬁ%\
FRY o RPN FAEE R T) Bl g X IREE
ﬂ%“@%?7f'§ s gk o ?AW 7Y RIS TFIE R
B AGUELE R 2 B R TiE A o

® MR

FOBL BN G AT MR RRE RO aEY s - K
BEZLPF 2B e Bt 0 &) 4o Wireless Integrated Network System (WINS)
[7] > FHRERBEE G o A DFEFTF L9302 > A BgRIFE
BHE G 15 & 3R BB EFFTED 100 = ¢ o

[ JL%{LQ&?,% %}q‘ﬂ‘:—%% R B

F B B E S BT N AU 2D S X A 2B (B 1E 2R e X
R e { NG AER o

® multipath

APz & 3] multipath 23USEEY Al B S D dae o g e B R
o e 5L ) R AR, P o giorake algorithm v % &2 48+ & * dual
antenna ¥ &% ;4 multipath #3142 ep® 48 o

® fading in time

L ddE 31 e fading 2 B sl ari e D & - AL s g gl < o)
GREFPR A AL E A PR AL AT LY R - GRS
L E TR E R M B E o

P A RN R RIS AT R AeRI RS N AP A T

2R AEEE B R e

2.2.1.2 =% iz (Location Estimation)

BAPREA TR OBEE L e ol ST BERPE > 5 BHAS
fir szt pegrta B N Ao R R BE o P B AR LR Rl o

E AT

-
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Hyperbolic Trilateration Estimation : 4= & 2.4 > & P ffe foix ¥ e ¥ 23
Beacon Node » @ * 4= ¥ ¢28 4 unknown Node - # ¥ 2 3 & Beacon Node:i
% % 5354 &k F|Unknown Nodes= 1 §E4¢ > BlUnknown Nodesi- % € &=
'}ﬂrﬁ ¢8> 4o 230 fe 2 e BE S = B BT kRt d & ol F

TE - R F RSB A R R Y DR ey e
SRR IS SESERR RN T ain St RAREE R RIS

a
X

E-3
Nll

i

K

RS
mh‘;_%'? i

=

’ o

M-

O Unknown node

o Beacon node

(a) Case 1 (b) Case 2 (c) Case 3

B 2.4  Hyperbolic Trilateration Estimation (non-ideal case)

L 10 1 l?]»“r‘gs‘»mSIB;Tﬁ]ﬂé Qg 4\ s 4ot B = e
2L T i35 13 BERE e orA) L - Bz &35 ;Mr 'a_uﬁxfgfﬁi &
FEEw i AP Rk Case2 cnfiR £ 4 3-8 I ejedp 'y i 7 & 5%
* 3 BRI F L BERFauko @ Case3 shfiinle thy ELEE T § 8L

3 o FHwen i BV 4 L[8] -
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Maximum Likelihood Estimation : K,% 7 Hyperbolic Trilateration Estimationz_ ¢t »
Maximum Likelihood Estimationf %+ & et =% en? 22 - o v 1 & § 4%
MEw g 5o ;‘ggl iz 2+ EE3E 2 2 Beacon Nodeshi= % » 41 Unknown Node
i % o d s Fi%53:F 5 13 Beacon Node® 11Unknown Nodeshi= % » 4p 12 2 3+
FEHLaRE L T35 € % 0 4o B 255 7 & - B Unknown Node# 2 4% Jx 3|
3 i 12 _F Beacon Nodes# % ! e 5 > P]i% if Maximum Likelihood Estimation »

Ao e 22t B 40is i Unknown Nodesi= 3 o

O Unknown Node

® Beacon Node

B 2.5  Maximum Likelihood Estimation

Rt P 42 % Maximum Likelihood Method - 7 % » i3k X, £ y, 3 Unknown
Node &= M &4 » x, 22y, 5 %_idB!Beacon Node #= ‘i ik » i=1,2,3..k o %
#t Unknown Node %3 » ¥ 4%z Flag-k i Beacon Node = ultrasound pulse > s
% ultrasound pulse propagation speed >:t., /] = % i f# Beacon Node £ Unknown
Node 2z B #7Z #ultrasound pulse propagation time » 32 8k & ™ » AP+ 12 F
FIT)3S o R(7):8 T 3 o B EE EE(8)5 0 1=1,23..k> £ 3 kB A2
5953 Y =bX st X v m il ST AP F R4 @)Y

- )

(X +Y, ) 38 » s 1~k-1 B A28 % 7 % K B3 4255408 » FF(9) ¢

sxtio =+/(% = %0)? + (¥, = ¥y)? )
- Xi2 - yi2 = (X02 + yoz) *+ X (_in)+ Yo (_Zyi)_ Sztio2 (8)
- Xi2 - Yiz + sz + yk2 = 2Xo (X = %) +2Y, (Y, — yi)+82(tk02 _tioz) (9)

2RO BFEELY=DX AN T R SR b
b=(X"X)"X"Y i1 SR LA S
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I Z(Xk - Xl) 2(yk - 1) tko2 _t102 |
X = 2(Xk X ) Z(Yk YZ) tkoz _t202

_Z(Xk - X(k—l)) 2(yk - y(k—l)) tkoz _t(k—l)Oz_

I _Xlz_y12+xk2+yk2 ]
Y = _Xzz_yzz"'sz"'Yk2 Xo
. b=y,
- X(k—1)2 - Y(k—1)2 + sz + ykz_ 2 s?

FERREFELYFE FHRLL "G 3 @ Beacon Node %7 4 Bt h
Beacon Node > p]s¢ i# & ¥ 122+ & ) ultrasound pulse propagation speed °

2.2.2 Time Based Method

# Time-Based Method 7= /242 » e s A ZHEH G E =8 5349 B

W3 e ARG AP L NS B E AT E AR (T Y @
BT R A LR L Bl e R4k T M E IR
KRB F Tl RS > N R SRS 25 ToA (time-of-arrival) Method © 4
B 2.6 A3 5L ¥ 23 A i e P @ 3% radiosignal 22 % ultrasound pulse- ¢ >t radio
signal =& & i% < ** ultrasqund pulse™ 24 % H radio signal @ vEehpF F > &
R A Rl apE L (12-41) 18 > £ K reultrasound pulse i & s T
| B3t eEdgt @ @ PRS2 S RS F 12 i * Maximum Likelihood Method
£ - Hyperbolic Trilateration Estimation ;= ¥ = % :

transmitter receiver
radio signal —>
—> tl
ultrasound pulse
—> {2
- distance = (t2-t1)*s
distance

B 2.6  ToA Method

F e GPS ks A% ToA RiZen s bz - o 5 % 1993 & » GPS & %t



o amE 2 A[0] 0 d 24 3FdE A 0 A A2 B 0 3 7509 20200 2 2
BT BRI 12 e X R EHREPT s ok 0l T3
el o AR TED 10 2 ¢ o dok f et B G b et
GPS(Differential GPS, DGPS) t & + H2k ¥ & » 113 I 45 {c B ehjLip] @

BEiRVE2I5 2 cRALBI TR aF Y oLt KT EEH

YL de X o

S W

AR IR AN m AR R R o
BATOA > 2 AP T PR TOAZ B EE 5 - B Ebldok
(ultrasound) £ = ¢t & (infrared) » F & 37 ¢ PAT B8 > Flpt 2 AP chp X7

£ o

Connectivity Based Method
B A A BGK

[ER

2.2.3

B E e jRaE 2

Perfect spherical radio propagation.

1.
2. ldentical transmission range (power) for all radios.
- BEREIAESBEL LE S GiclRy 2P S f - BEASNELD
BRI 1R AR e B0 AT UELR Y
~ ﬂg‘!\ :

o w o BESKRIAATT 3
Fo ke UL B R L T o 1HE S A ARERE > A B R gt B 2 2

EAEE R R B E B A R P BB Y 2B L R B
threshold » #% i fipt A feiz® RplE g e s =% & jp| % 4p i (connected) o i i

BRI E BT K Tﬁ}éi?‘]%#ﬁ@ e K T@;)é;gujgﬁ‘,&*%_;i%— PR
(Xp Yp)~ (X2 Yo)ooo (X2 Y, ) AT kA A AR R R B B 4R ( Xggp? Yest )4 2 3¢

(10) :
(Xest’Yest):(Xl+X2|;|-".+Xk ,Y1+Y2 -|’(_+Yk)
(10)

e

de 2 3 (10) 0 A g R i
o 4o 2.7 ¢

d: Separation distance
between adjacent
reference points

R: Transmission range
of the reference

point
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Bl 2.7  Connectivity-Based Localization

d B¢ ¥ o gé&—k s T OLEPIARE AR R o e AN d 1y eniR

Faro BARGORRERIE B F 2B bliclhEy o B3 F BB e o

HoFBRREFLEL PR E T ;w@wm%%ﬁ:@f; g %3 e

TRARF A BPU R RA T2 BB A kR ¢
R .

ﬁi‘!ﬁ’mkl"' % > l}d],—,n P%%{,ﬁ'{z%}% ﬂ%g%“’ﬁfaﬁ”‘ 4 a‘;z; i~

TIH H e P 5 SR [10] -
2.2.4  Angle of Arrival Method (A0A)

AOA & Zp B FR b T RE 0 A 39 F) B EL B E s R Ty S S chjp it &
Bl PEES B il 'rﬁfwi@iif‘:%ﬁ?#ﬁ%‘i)i%é ’%”gfr?f%%ﬂ"lﬁﬂé’t)i
gr= 4 87 SinesRule ¥ Cosines Rule » s i # 13 5 M jz=g a8 » 4§
2.8°m AOA chi & 3285 F & EFFF*hindpre X R AR5 kiR E R o

Possible L.ocation

B) 2.8  Direction-Based Localization

2.2.5 Signal Pattern Matching Method

M ELE A L 42 (Signal Pattern Matching Method) i & # 41 # & Gi& * 45 e
MELH A 7R R (signal pattern database) s i b e U B SR IT AL
% ﬂx(pattern) v g P ez ¥ oo b4 RADAR([S] > RBE S RS9 BRZ P i@
* Jﬁmnz,%_ o B H P RILIE A G BIFES ¥ - BRFE S By £ (off-line
phase) » st P& A LB MR & AP K BHRE > AP OEAY P EE By 2
APV AR P LR A o Y N N RATHE S BRI AIBR
(on-line phase) > p* ¥ & * ?‘f O SRR T ] AR A v LR A TR D
TR B P EBT o ERAd RN R ALY FER Y X P whie

P f
B oo

PR K SR EOT R B R N R AT K LG AP R AR 0 B 5
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2.3

Bg §& multipath e0f 38pF > € § - fdFenfailac 4 0 R kR E & A H
FReDGE UEFTANFEFLPF TS A E MR ATAHE G

*

:jw,,\ v % R _r TOUL NG ﬁ o é_ir?f‘;] :3 Infrastructure class » i&— #F A HE

re g RN E A A A #HER > ¥ 4% mobile user T_ix o B

location-aware service - @ ¥ — #g 4] 5 ad-hoc class > ¢ fasgA] e,k 527 F & 5

;t—z: Fenf#ER > 5 oad-hoc kx> d K ipmenE B BHFAIGUFTE 2
.

Epehimy BEpb S SR ] Rk S A AT

® [nfrastructure Class

Infrastructure class edF ¢ § 7 & A3RE L A enflaA#sz % > @ & bienié
HF i A R R B L o doW G AT A B S GPS ko
TR HER S AR REGE L e 24 3 0FE 0 R T EHEE Al E
5 E TR B o gep sk em RADAR e 5+ E_ >+ Infrastructure class
h sz — o v % R iR A SUf R I (AcCess Point){z f s gl & TR
i dﬂz Bk o R RS = B E @mfg#& FE AR

a4

o

® Ad-hoc Class

Bip - MW SRk MG 0 0 4o GPS-less Low Cost Outdoor
Localization[10] 2 AHLOS (Ad-Hoc Localization System)[11] > i&4& % sven
TRACERGPIVFARERF G L R o gl o R R
= Lk Yo reference point o 3% i35 iF i 4 Beacon Node % A=
Unknown Node + # {7 &7 localization algorithm % &z iz - GPS-less Low
Cost Outdoor Localization 4z 3] Beacon Node =t 5515 » 2+ & i34 Beacon

Nodem e ruﬁ IFE] A sl m AHLOS ’«l—\ﬂ":‘“" '@‘}E,/PJ !Lf:" >
P eig B 0 R IR 5 320 RF-based 2 TOA 7 38 > %
it H P 2~ GuplEE = 3% {F ) Unknown Node £2 Beacon Nodes srEd -

" ¥ m E!‘H'J?* Maximum likelihood & Z_i= » #r12 » & — i & |

Mg i
B ¥ J #8iT ¢ Beacon Nodes 4 & 1) p < mrg v e s FE Aot o RO E
PR GEERN S PR LR Z T BRSO .
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GPS-less Low Cost Outdoor Localization B2 X %A
Connectivity-Based Method » fe 5 ¢ % T2 8L % k@ B 588 HrE
B AMELER RGO G ORRA T ER % g X T 5 3
PEROPE S m L anE LR < 0 Tl RT3 LR
~ F% o
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O RRIERT LA S DR R
FAE Y AP RSy A PR rj—;’ﬁﬁf‘fﬁ Ay
H o p /3 128 #mL AR AL ?u,f‘- i?—ﬁﬁi 18 A ;Fsg

2R 2R R P %PT%F%LE A _w o

3.1 mEH
3.1.1 i SRR f#

% AHLOS[11]" #& 1 - W\ FOF Em SRS R4
AR N SR € S A /ﬁiﬁ/z{lﬁ’r}’ﬁ‘m%z
et o BaAEED R - llﬁﬁﬁ%"«%yﬁﬂ d»;féi“g{ﬁ:éﬁ”ﬁ%
Bk BER] E 4ot BRI R E i R IR B i -
APt 0 Ak SRR RS I Seh i SR RIS B - R0 T

APl n LR MR ST B E 2 AR BEB T

-

Tefdowod Bga A3t had ﬁﬂ?‘ﬁiﬂ’z%v’ SRR I I S
%ﬁ—;ii_%’_,lfbﬁ%a?—}jzg;ﬂmp TR RERIRE o A EEEB
Py BRIBORE R 2 itk ,I‘< v Georouting E\"ﬁ Geocasting =7

3]&0'??%7‘}- ]Fa;t/\é”"‘" ‘1(%&:»]1}»}&/?]%1—’1—1]12} #u']_x‘ri-v&r'—r
° ?7’,’1«](%6:»

ZREE BRPIBATERGEIFIEILE S gz B 0 TR FEP G
(Centralized)i# & /=35 & 41 #7% },g,/PJB?mfv“ﬁ o “ﬁ: B2tk R R TR PR B
dARRIE Lk d BRIBRADS R SR AILER LG Y DT AE

TR -
o pip=

PR RFE G NS R RIE ARG LN Ry g APl © v
B -;E'Jppé Beacon Node» @ H i & & 4vi= ¥ gt | E R 5 Unknown Node
Beacon Node ¥ & &5 %4 X § GPS ficie el ipl B> & F A58 4 1 X T30 6
S RIE o B MY 00 T 4 KA K R ALK E Y (7 Beacon Node - it
¢ Zri= ¥ ¢ Beacon Node % % %? =z =%+ gL ¥ Unknown Node 34z 3|
Beacon Node 3t L2 {8 » ¢ #pt T @R L TR P oo > d FTolje @ o
% 2+ & Unknown Node ni= % o 2 o RBIEAEEHRE RS IER L Z

ﬁ?ﬁimﬁ‘e 4 o

Y

b kY TR Y e 2 BRI B eI o d AP A & AR I g
Bt ZEHE Y R % ;% (Localization Algorithm) » 2% 7% J-7 2435 At e i

%

,dm
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FMET B R RIS o R RE AN Ao R 31
sanns Wireless Link © Unknown Node
Fusion Center @ Beacon Node
’ /"___\~7/’/ \‘/’/ \\\
’0. e T ' W
o ° A Y
‘.‘/ Q.-------'-..------IQ \
#. ‘0 “ A 1
1 0‘ * .0 “‘ AN b
= * & S ® L * [
! e L] * .® L4 S \
’ ‘Q ... & “‘ & ’Q e \\
5 ! : . '... V% e : . ;
\\ .. “ \d :.......l .-ll‘-‘---b I'
P OIIIQ‘ . 0. 3 “\‘ ’/
/ n . .’0 s R
\ -. ‘. .0‘ . ‘o‘ b
N n L o, * o y
Observer eag SUPT Lie L S

B 3.1  Sensor Network Architecture

3.1.2 ,:‘i ‘ffb@ lE‘/n'—ﬁ_f_

Bk e Rl P IR R A EE S ikl Y 3 e S - B
TR E Y s g e kY aadig B ORLESF D Neighbor-Probe Request » i st
¥ e B % 412 3] Neighbor-Probe Request {6 » ¢ 2 & Ffljc i ¢ it 2 34
Fo X TR Y o5 MR 2 B3 EL S o] (0 F 3 (Neighbor-Signals
Response) » H ¥ Neighbor-Signals Response 7 3% 4§ 3.2 :

T

Sensor IP Ser_15_or Neighbor Neighbor Information
Position Num
Neighbor 1 Neighbor 1 Neighbor M Neighbor M
IP RX_RSSI eee IP RX_RSSI
Bl 3.2  Neighbor-Signals Response
H ¢ > Sensor IP % 4%% ' Neighbor-Signals Response g ip| B 1 IP > @
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Sensor Position % & Rl E i x AfkE &2 y AfRE - # & Unknown Node 71
B4 =5 NULL - Neighbor Num & & g iRl E 5 & B Neighbor » iz 24 i
#73} Neighbor ehg, & A4p ¥ e 3l suengt I F > @ Neighbor Information
Bl 47 73 ¥ & T 3l 5L 0 Neighbor h3 gL » £ 5 M £ Neighbor
Information> # # M d Neighbor Num ;&-z_> @ Neighbor Information # B % 4+

-

i & i Neighbor = IP 12 2 Received RSSI i& -

4B 3.3 § FA Tk ¢ g I Neighbor-Probe Request 2_ 15 > ¢ fads 3+ pF
E(Timer) » & # - P IR d B Rl % » & Neighbor-Signals Response » § %
FapF Ry 28 FTARGE? v ABRPEYR

7N

Neighbor-Signals Response » B 434 {7 2_i>j& & ;2 3+ & #73 Unknown Node i

-
(=)

B
Flooding Meighbor-Frobe Fequest.
and. ZHart Timer

L

Timner Bxpive: Check Beply Sensor Precent

¥

Eun Localization Algorithm

B) 3.3  Fusion Center Data Flow

AR EY RE R BEEBEORA o AN L REREY R eE R
AR B B E XIS he AR F e R P TR o F
#7311 Neighbor-Probe Request » A8 £ 3T 77 872 - 4 BRI EH B pF > ¢
13| - $& 7 Neighbor RF 3t 50 & & % 12 3] -1 Neighbor 3u 52 2_ 70 = > %
oo AP RERESE B g TR Y o I Neighbor-Signals
Response » @ FEAlfcf P wfa B2 18 0 7 2 g 802 S & ghehiz
BoAgmei e a5t BRI B FATRRY c P Er g By
BpF o> ¥ - BRPIE R P I Neighbor-Signals Response » B Tl fc & ¢ o
¢ & #7% 11 Neighbor-Probe Request » & 744 {7 #73 & B B e iz 425¢ o
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3.2

E s 4 eh % &2 (Adaptive Localization Algorithm)

PR E R R AR IS g BB SAr pe il 0 gAY

7@ Fri- ¥ o Beacon Node ~ & A 4vig p ¢ =¥ v Unknown Node ¢+ » 2t i 7ﬁu‘-

+ ¥ =% 5 Unknown Node % Deal Node > m Deal Node *if#7

pav it azty
Beacon Node i #cehit fo » 24P f2 5 2t Deal Node 2 Beacon Count » 45 3]
Deal Node :fif 3> i= % 5 » ot p¥ % ig #-v #&5  Calculated Node » %]t

s E @ koo o@ 2bE Ly (= % < Beacon Node - ;7 &

Calculated Node i+ % & 2+ 3

E ATl

{ Stact } Adaptivel.ocalization ()

5

L ET R R EEL EEREL
Beason Hode
B Undmemwm Node AP BV EL

I

Clallaoc_Flax{alBearonCounduwithBound ()
ﬁ&ﬁ%rﬁ@ﬁiﬁﬁﬂ?ﬂﬁEQSEML

WodetCaloulated 1
ﬁ"] Undawcwn Node jt#ﬁf"'ﬁ

Calloe MaxBear on! I
L ETE R E s R E
Bescon NodetCalculsted Nods

B4 Unlmown Mode 05BN S

¥

>

%] 3.4 AdaptiveLocalization() Algorithm

4B 3.4 > AdaptiveLocalization() 3 s st iF 5% » At S 4@ s RRE
F o 7 4 =2 B F & 54 & & £ 54 0 = B O K
CalLoc_MaxBeaconCountwithBound() & % - B FF & 91 & 4 7 ehdist » izl
b AR2S R Bk B R FIAZ2 & 45 4% Jc A ¢ Beacon Node 31 5tih
Unknown Node * f#az_i+ » %’“:}5 ] Unknown Node i+ % 2_ {5 » B4 Node
%5 5 Calculated Node » £ ¥4 &35~ - i ¢ & % 2 &9 Unknown Node » — &
F|#5 2 3] Unknown Node ’ —‘*‘ﬁ F] 4 Unknown Node H 34z 3] Beacon Node
MEL R R Y 3 B eod A% k| e Beacon Node #f*t Unknown Node % 3>
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1 ¥F3 FE4E Unknown Node $iT » Lt 2 B 5 @ d 0@ se i< > @ ® o §F
PR ATPE > v 7 ¢ 5 multipath R AT > AT R X B R R FEBARE S DG
Beacon Node &k = &= > ¢ 3 & ¥ D H m AR o
CalLoc_MaxCalBeaconCountwithBound() » % = B FEE 3 i7endi ;8 > Az B
oot % R B % 4° Fl42 0 Beacon Node 12 2 Calculated Node % iF %% 2> ¢
HEH D B § 2% B Unknown Node & #ai= » e R0 245 7 33
& mUnknown Node & % 45 ] 5 Unknown Node %4 8k i #ic | >+ 3 % I § i&

% = P& B 1 CalLoc_MaxBeaconCountwithBound() » & 3% 67 2 8 03t % = F¢
B R RANALPFRERPROU] 3 BEN L BTGB F LG

EF 4 13- L ;‘gz! $F BEeriE B R E T ol R R

Call oc WaxBeac o ountwithE ound))

DeallMode = Find Mandemron
ﬂa&.rﬁ@nﬂsﬁﬁﬁ?ﬂ
Bescon Counts 72 Undmovm Hode

Ad@fﬁ&ulltDaalH WEE 2
!
MarkCak ulaied{DeallNode
# HE Desl NodedBT B Calonlated %J.:.ag
'

DealMode = FindMaxBearonCounbvithBound (3
i Bescon. ConmtE AT dmowm Node

] 3.5 CalLoc_MaxBeaconCountwithBound ()Algorithm

4B 350 % - BrEEAL > ¢ L34 {7 FindMaxBeaconCountwithBound()
4o % 5 ;”’aﬁ 7] Unknown Node & % & % /& # Fl423 3 i v+ »Beacon Node (7]
X0 & A 3 B s 4 a7 Maximum Likelihood % & %) o T*‘wi**c i
AdaptiveFindLocation() > 41 * Maximum Likelihood = /% 45 ! }* Unknown Node
ip % > RS H-T &7 5 Beacon Node: #2i¢ £ 45 * - B Unknown Node >
B P| &% B3 5L B4245 2 2] Unknown Node - £ - 45 | 5 Unknown Node
23| Beacon Node st 5 cr#icp /[ 3 3 B 5 0k o @ B SZBREER T e
PRI AN - BRRPEFLTREFOEEIRD o

N

)P«‘;‘:m
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b

PEAE- BIFE AT RSB B (R 3B T
2L) > #25% ¢ 4 {7 AdaptiveFindLocation()45 & ¢~ Unknown Node i ¥
AdaptiveFindLocation() e & i 40 -

AdaptiveFindLocation (DealNode)

{
vagueX, vagueY = FindLocation( DealNode );
for(int i=0; i < DealNode->BeaconCount ; i++){
AdaptiveDistanceEstimation(DealNode-> Beacon[i],DealNode,vagueX,vagueY);
}
MaximunLikelihood(DealNode);
}

AdaptiveFindLocation % % i i2 sxi {é chdodic > v § A * A 2 (i
B pogon g X gt k) k- B HAEa g vagueX £ vagueY o £ & o~
AdaptiveDistanceEstimation() £ 73 #8:iT Beacon Node :HjEdE » & {5 & *
Maximum Likelihood = ;# 41 )t DealNode ez % o AT &2 i 4 52 A s gL
& pIFE 3G iR 0 ;¢ 1 AdaptiveDistanceEstimation() :

3.2.1  Adaptive Distance Estimation

AdaptiveDistanceEstimation(SourceNode, DealNode, vagueX, vagueY){
n, X = FindParameter( SourceNode,-DealNode, vagueX, vagueY );
Receive = RSSI(SourceNode; DealNode);

return DistanceEstimation( receive, n, XY);

}

4ot % 872 > Deal Node 31 5@ i =3 4 % Source Node o &3¢ - B 45 €
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3.2.2

Case3: % Deal Node = # + c-vBeacon Node >=2 » &l st L % ss’g’Ewpv i3

‘][l 5 Decay < Decay_Bound

B 3.12 Case3: 7= Deal Node #7173 = F

diFE 2 s BlaAPw @i, AP ¢ LFFS & Deal Node *i ¢ Beacon
Node> %45 & # 7> o &b ~ § F] % 45 Beacon Node- 7 iz& Beacon Node
iz ¥ {8 > AP w2 18 22 Source Node ehied » £ 4% &2t gEZE 27 Source
Node #iz& Beacon Node 573t 5 % 35 @ S w fF e 3% w3 R 0 RJEE T e
N £ Xo oz, A 3 5 &35 5% & ik it cna 3 Beacon Nodes @ 4 & 12 &4
wF S S RE N X P R RATAN 2 X B 8 JUELE G 2 54 (6) %@ DN
B o I AP A P e A R EE A Bcehiy B 2 BEA 0 d YRR
BT Yy R INOTR B TSN EA 2 B AN 4 W R o

Adaptive Location Estimation

B ge 2 3R T A i & ZTBeacon Node SRR AR IS 0 A g et e
MaximunLikelihood() iz B &0 '3%53 ™ A% = § 4 % & Maximum Likelihood
Method > % i % = 3 ¥_4-%t ultrasound method m%;@_ » fiE - HAR A RS i
¥ - For¥E ano ;80 B & Signal Propagation Model © Fe # e 4o 2> 55 (11) 0 X,

#2y, % Unknown Node #h= ‘&t x. &2 y, % % i 1 Beacon Node = ‘& /i %>

i=1,2,3..K > s xt re B g i B PRERE D, 0 D; & 4p Unknown node £
¥ 0 B #8317 <7 Beacon Node #7 i3 & 11 Bt o T AL T > A e 128 3] (11)
RIS TS BB EAPET EFED12)5 =123k 25 K B AR .
ik > 50 - XY =bX gt a8 2 fif ‘?“ﬁr: Gl AT AP R R 3 (12)

R (XYY T A a1k B AR R E KB AR 4p R 19 FI(L3)

o

D, = /(X —%)? + (¥, — ¥,)° (12)

X2y = (X + Yo )+ X (=2%) + Y, (<2y,) - D, (12)

29



3.2.3
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Error Analysis (40 sensors)
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Error Analysis (80 sensors)

—— Original Method -#- Adaptive Localization
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