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1.1 ERAADMEHEFENER

AER R Z GRS SHIAE R E < P ot 2ORRIZEBL TS 2. HREDITDNAT
STRXFENTIRIZ L DM 2 RESE, BRE2RTHIEMFBEREL, ZHIZX>TH
Ri %475 FIEDREI N, HL XA F ) ATHFEI N Gee KOKETHEAILI N
LORAN(long—range navigation system) AT S, WThEEROSEME N S Bk E

AZ4T5. PIAKEE X 2Drms fET 250 m F2E & S, EITHECHMZEROFEIZH W S
N7-. Z D%, Transit X Parus, Tsikada %52 & 0 A THEZ WS HIAO AT REME SR &
1V [1], GPS(Global Positioning System) A% 1995 (2 {fi IS X 4172 [2]. GPS TIXEE K&
UM ERE GOV AT LICEY, fiE - K% - EE2FHT 2 FEE2 5 272, GPS W
RAEMIZHKE TR, BAMCBTMERHRIII—F T —Yay, A= 7%
YOFET—=vavirs, 2y MU KBRORLAEIZES £ THaRNRA VT Tk
LTHWwWoNTWS. ZhiZfi £ 512, &EDHED GNSS(Global Navigation Satellite
System) DOBEFE - EHZFB L TH Y, HIETIEZGALLILEO (MM#EA), GLONASS (H
>7), BeiDou (Fi[E), NAVIC (1> R), QZSS (HA) WEMAINTWE. Ih5(E
BORMASKIEIZ LD, RTK(Real Time Kinematics)-GPS 7 ¥ DiRAEH E £, BATlit
VFRA—=RFI— XD D AHEL 72 7.

BANTOHRALAFEE L 72 o 72 BE, BANOHINA KD ST WD, JEAED KA 52 i
B N DIERP THORRIL, 7722 ) 7«4 A EOERIZAEN, FETF— a3
YXRMEFHHIESBE L XD DE GNSS 12 L MM AR A REREMA L LT TNWD
FEHNTIEELREE R & F R UTHIMBED Tay o2 bbb, HFRZE G S A
HEER ARG B 2 Y 0 12, SR EHMNEAE 7o Y 2 7 MR YD EHmI NS ERENTTH
5. FHZRE T, BT EITEMAFTREZREIALEIE 2012 12 10 m BBETH - 2 HIAEE
B, 2018 fEIZIX 2 mFEE £ T kL 7=,

ZD &S R PRHM ORI BOISHEZ EAR L TWS, & 2IEHFHEAITITEH
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RGBT S T 2 RREES - R TRHEZ 871 Y 70— 7 - F Y [3], lH%E
BIZBIFBITHERTFET T r—2 3 ¥ NariNAVI R EA LG I T W5 [4]. FE
FHETIZIETEHEP VA N T VEDORIED 72D OERRIEE X Z iz D < EHUGE [5,6],
B OB EREEE DU [7,8] X mElnE DRAF D [9,10] 2 EWTHONT WS, T HIZE WV
JE D D IR AT BE 2 B NHIALIEAHE S, S i, TS RAY AT LA OMERE B &
SIRBT TV T =Y aryAD@EHNaREL 5.

1.2 ERAIORRKRERESNTWEFIE

BRNIZEIT 52y F A —ZBORRIIBED KFROFETH 5. BENHLOH L X
FEIT, EYORGEIZ LD MNEESVPHEELZITL I LItHD. WIZHVEESIEE
WTIEHR NN ZAE BB L TRZEIN, B> TRHERIRER L =3 V23 RE LA
(Non-line-of-sight:NLOS) & 72 D 5 2VEEM D IZZEFEINHWV [11-13]. 2D KI2EN
WAL % LT 2 72D DORINIIEE, BEFICRET 2 -V OaMIZ XD ZFEIZST S
NnNg. ¥—arzHWRWHIALED R 2413 Light Detection and Ranging(LiDAR) (Z
FBEHAME, HUKIEAATITLBEHIEZ FHWSHINIETH 2 [14,15]. 206 JIALE
TV F A= RBEORNKEE 2 ERATREL DS, 72 & ZIXFA—ROMBOMA 2 Y, =
No Y THELNSERVE UHEITITMESEORAM A TSRV, 72, BERRK, A
BRETE Y OHEANBEBLNIZIGE IR ARETH 5.

BRI R OB E) 2 EEEEHHIT 5 728, EMEFHIIZEE (Inertial Measurement Unit : IMU)
ZHWBHNEDND D, O FIETITHNDS RONGEE - MEEZFST 5 [16], HLL
IO oBTHEOEHESEZHE UK TS Z & THIMLZ1T S [17]. IMU 2054
ZELD AH B 721 CHINASHRECTH D i Chd 5 —F, LUV OfREERRHE L &b IZHE
U, SNRBETLZTREZNI L 5HME & B ICHIMEENEL 2 5.

C—a v EHAVBHIMETIE, MEPBENP OBMOES 2R T2 - Z2HWT
WAL 24T . o & IR EEZRHIAIE & U T Bluetooth Low Energy (BLE) ¥'— 2
>, Wi-Fi =& % U < I& RFID(Radio Frequency IDentifier) X 7' % #%& L [18], ZivH W8
3 B ERDZIEHE (Received Signal Strength : RSS) ZEHHIT 2N ERHB. ZD
FE TR EREIZ DOWT, HETMMORPAIESIZ & 0 L 72 AL E A BRI O sl T D&
BOREH 2 FR T 5 [19]. DX D ITER L ZERmERIE T « v A—T ) v b
IEIEd, HIAIEEHI 24T > 72 BRE L 7 4 VA7) ¥ b O —8T BALE % JAAER &
T25[20]. 74 ATV Y EHCSHNIEEFEREE TR — AT, BREEZD



1.3 FHEMUALOFEH & E 3

LEOBPANOEEREBEBIOZAIT & > TAELLENT 2 Z 2 SHIAKE O LA L.
72 & ZIEBTE ORI BN E U2 I E - AEE OB Z G U 7N MR &
D2mBEENRATH S 3. TNETEXZHORADRDHLHDOD, VWEZ 1 m A FOK
& & RS A HIAZ T E TV [21-23].

el s 7 WA BN ETIX, RAFICERE U ZBIHZZ S 2 i, 22X -> T &g
WA 2 [24]. AR— b7 3 VIHEHINZAATTEHMAARETH D LRI N
TV, LLADS, ZEMAKDH AT TEICHFEELZ 2 BB D O BETHIFINH
522, BPZHWE O ARICHEINE 7 ) v hEECRVWE S ICHINES2EET
BUIEEEM ELDSWREDHED D S [25,26].

RS 2RI I RIEE R Tl <, A U IIBFRTIE SR 2 5Hl 3 2 O 2 — T dH
% [27). B %W BHINTIEX, Ultra-Wide Band(UWB) & X1 5 (LI D155 % F&
U, Z OB Z T 2 FEPHV S5 [28-31]. Z D 5 BEFIZ Impulse-Radio UWB
(IR-UWB) L IENZFEHEHDIE S TIEA VSNV AKDIES2H T 5 LT, EZEKTT
DAERIEM 2 FH T 5. UWBZ2HWS Z TRV FA—XBREOHMITRETH D Z &
FRINTVWDEDD [32], FFREZEREZLELTSH I e sEANTHE/LT N T
Kt KL TWAR.

1.3 FEADORE & RE

INETITRLEZESIZ, BRIZBIT 2 @k E AL SRS ROFHIA B I T
Wb, ZOXIBTEROPT, HrHWTHIAZTT S FEHUAPEHZHEDTWS., &K
VBRI IR, &% W2 5E 15 ®E (1) 3107 m/s) 23563 (3x108 m/s) 12K 5
RIEFNENZ 0 S, AR & A S I EHIATRE T & 5 [33]. & EIAL C X BEA
DALEIZHE L - EEE -3V LIFEN S EE» 6 F 2L, SORRRMEZANS Z L
TN ZFT .

HHEBIGIEIT 2R ORI X 0, (ZPEEFR] (Time-of-arrival: TOA), {Z#EHR# ]
7 (Time-difference-of-arrival: TDOA), &= J& /517 (Direction-of-arrival:DOA) @ 5 H 3 417>
WS, ERFEHOMES Fig.1.1 1Z/R37. TOA ZHWVWAHNETZINS DT THREE
FEE 2 ER L TWAHINIETH S, ZOFIETIETOA, B U < & Time-of-flight(TOF) &
IEIEN 2 FEY — a2 & ZEHIEORMZ2EZ2EHIL, AW THIM %2175 [34,35].
TOA % WA HAIEIXEREZER L P T W—F, ¥—2a v 2 EHT X TORZIFE Y
DETH O, (15 PDORFREN— R =7 BRBETH S [36]. & 0 fEHRHIN L% LB
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(a) TOA-based (b) TDOA-based (c) DOA-based
All equipments All beacons - ) .
C—jmustﬂbe in sync Cj must be in sync T No sync is required
Beacon A
- » Beacon Beacon
é i (Loudspeaker) g é)/ (Loudspeaker) -4  (Loudspeaker)
A.. 4
: —O<_Recelver .-,;; .................... - Receiver
(Mlcrophone) e, R ™ (Microphones)
A T'_Er i _‘_—‘_E Receiver =
Ll ST (Microphone) | 2
Synchronfiusly \ Circle of Synchronously ~Hyperbola of Asynchronously Line of
measured equal TOA  measured equal TDOA measured equal DOA

Fig. 1.1: Overview of different acoustic positioning methods.(a) TOA-based method, (b) TDOA-
based method, (¢c) DOA-based method.

T 57-ORARAEZ RE L T 5RARDHEEDD, [FRHIZHINATREZRZERIT 1 D AT
H 27 MDD B [37]. TDOA % W5 HALIEIFE — 3 Y [E D H O BRI O 7% % &
WU725 2T, €—avaHERe T 2 EMHZEIHRT 2 WO R M ERkD B Z LT
IR %47 5 [38-40]. ZdD7=8%, TDOA % AW 2 JIAIETIEE — 3 VDR D A %
BEE U, ZEEIEZREPRETH S [41-43]. LrLERS, KHBAiH L& T
FIRTOE— 3V ORZIFRHIZRETH 2 L VWO HEDNH 5. ©— 3V PZEHM DR}
ZIFIAD R K RE WAL EE LT, DOA 2 HW 2 HIMIEPREI N TWS. DOA % W
BRALIE =T U HK U - EDS%EZEKTHIIL, Zho & FIRAE % W CllfL %
175 [44]. FOHMAHEEZERDOS A 707 4+ v OESE2HWTHET 2 DM KT
»HD. ZOXA IO T AT UVADOFREHFZED, ¥4 707+ VEREPICHRET S
2, PR RIZHEERT 200 2 E D 5. WITNOHEIZDOWTEH, DOA#EEIX~Y T
I8 7 4 v DREESEOMHBEABEREEE KD, A KM L 25 RLIE DV T b
N5 [45]. ZorE, HAEMBEBERIIKAFIHSLTEEWHBEZRT I LizRD, Ak
DEIRF AN D FENIZ KA E E DBED D B [44,46,47]. FIRAMOGRAEIZFIRE %
SRS DEEREIZ IS U THEA X 41, TOA X TDOA 1Z bR T A E IR % 4 U3\ [48].
ZD7, DOA % FAWBHIEIZ IV T S AT L BIES DI 2 a8 b 1AM
DTFHEIZEARE S, DOA ZHWVWSHATH IV F 82z a2 b2l A gE & e,
v—a v - ZEORLIFEA AR LML A EETH 0, R KBIEZE I T O JIAL
IZHBATE 5.

£72, DOA ZFHWAHINDREE UT, ZEBRVPLZBO 1707 x50 EHM
B ZenEITons, 22X, BEIORY MEXNRETHHETIEI2 F ¥ LD



1.4 AREF5EO HBY L SRR 5

G140 7407 LA[49] %32 F ¥ VRIVDOYEHEINA AT 4 T LA REVPHN
bND. BREFIIIA 270730 T VA 2RET 2H5E Y AT LAREKTCREtO~Y 12
074 YEAWDZLIZHR5[30,50]. Y1 787+ VETBEBDRVEGE, mERER
B AR O T E S, SIHEARBAIERHEIZRDPT V. £72, 2RO %
PN R e T 256, SHEAME —RIZEDRIZIED R LEIZTOYA 787 5 VN
BETHD., DD, X470 73 VOB 2HZ LW BRMERDO~Y A 707 x0T
LA TiEDOA % —RIZFHIIT E THALL AT BETH - 7=.

ZOXDREEANONEX 2FHIRT 2720, oL U EREFKEES L TR 2175
APREINT WS, XA 27074 YOBEEMAGDE L FELREINTVEH[51],
MUSIC(Multiple Signal Classification) 512 & 5 R A FHEE Z 17> TH D [52], HHE K
DEIA I T X VEDRZ L BEL WSV D S, 2FETNORI2TUIMERD~ A 71
THAVT VA RBULRET~YA 07 4 VT LA THEBABERMNEZ LTI, I
MOBEA RN VY72, £ ORWIZEHRTE 5.

1.4 FHROBER & HmIXEK

AFEITIFERPOEFTE L —a v L DEFOIA 70KV EZHVTIINF/RRIZENA b
BENRIMNZATREET 22 2HNE T5. KERBZEETSZ 2 THAMEIXEL W
Z R AN EBUEK E DDA A AT B 72 F BN 2 Ml A B DTS Z LT, 47HD /N
SVEEHMNZEBTELMEMND S, FHAME —RITEDRN T LT X D EHRX
2LBOEROIEE, ROXA 2707407 V1 OBEIZ2%ET 5 LT, DOA OfE
WTHBFODEDREIPINFNATHTLUNZME, 2RO 2707 5 VP
LWThHDEWVIREEMRT 5. RXOMHBEIIATOM® THS. H1REFFiwE LT
EANHIA D 5 & F R OB DOWTHR A, ZOREMEERHLEZ. HrETlk~ A
ou7 47 A BB L BEO Ry b E2AWT, FERIOFIET D R A AT 2 7 B
R UZOAMAMEERIZL O RT. B3R TIEIERPERZ AV 5 SEHAIZDOWT,
HEY — Y OlE Z 6T 245, 2o NIESOFHMIEZEZIEEL, ZholizonT
YIialb—va iZkV xR T S, B4BETRIFERPEREZ AW LTI
FORAIZ BN SRR %2 EBT BB A RE L, FERIZE D AN MELR S CICEHRE
RS, BIEICIRAR 72V F R KD FIRAAHE DA< A 707 & VETHOR
BIISIR A E —BIIEDEI TR LIIHDEEZ, TIN5 BRI 2 HIAEE LK
5. HSEIIKERTH S, Figure 1.2 IZRR X DR 2R .
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Fig. 1.2: Structure of this dissertation.
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INETICAB A~ o707+ 0T A 2ukRy MIERL, SEMNEEZH#TT 5F
R ENREINTVEN, TNSRRHOAFT 2R LTED, £{Dv1 7O
T A UBBEELRDE[53]. TR UADZETFORA 707 5 v EHWE5E, SERER
DR~V F S ZOMEIDNHETH D, ¥4 7075 V7 LA &SRS kSR
PAREMIZ R B GE6 WD 5. KETIHAZTNORBIZDZRTOYA 707 x v I RO
FEC—-aVEHWSHIMEZRET S [44]. BEEII A 707 4 > L HlgREHRD
HEAVBRALZPLERAN T Y 7 4 VRIZEDMET S LT, HWVO5 % WAL
x5,

22 470740704 I ERBEEE—a Y ZHA05E
ML DRIE

221 XRA47074#V70LA4A5RAWEERAAMEE ZFOEBELME

XA u T AV T VA EERAVS LT, HRAMEGFET S MEETHD. R
HiCIIRFETHW 2 BIFRAMMEEEEZ SN T2 & & 51T, TITHED EFHETHEEZ
RY. AETHRETEEEC -V RO 2707 4 V7 LA %&HWDHE 5 F#HEE
D7 vy Z§jX % Fig. 2.1 \Z/RT.

BEoRy bOEITAMIIHT S EIRLDOMEL 0, £ 55, HIAM O, 2HET 57
O, BEOKRy MIHEH LUz 707 x0T VA ZTHOKMAZZHWSZ L 2E X
5. HREDPOSFESNITZFH sp() YA 707 & Vi, j CTHHIZE 14,10 25 > TRIFS
NBLFETS. INSXA 27074V TREINDEE mpum, £T5E, ZhbiE
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Acoustic Beacon Amp
[ Trigger | Chi
Clock ? > gengegrator ? » genlgr)ator
B B 3 Loudspeaker
LA
= 1 | = | = Time =
g Time i Time ;EE ~

x»\\"”Soun Speed : ¢

Receiver X7

Microphone array

g, LS d/c cost d >j

2

a _ )

| Peak time | 7 DOA : ¢

g Time| Correlator ? ?l detector » O=cos’(ct/d) f——>
£ o—> >J Amplitude} |

3 ” mplitude

- ] e

g Time 7= d/c cosl

Fig. 2.1: Block diagram of an acoustic beacon and microphone array signals.

RATEREIND.

m;(t) = si(t + 74), 2.1)

mj,k(t) = Sk(t + Tj,k), (2.2)
B B w R BT 5 2 %, 2 SOEHIBIEN () RKR O D FHITS 5.
fia)= [ miatomiue - ndr. 2.3)

Z @E@ﬁ&@?jj{{[ﬁli m i <\_'. mj,k ﬁ‘%%*ﬁgg%‘: :E)/)H%%J%i%bf}ﬁ D ’ f@f_@ﬁl‘”: Ci T,'j,k =
[Tik —Tjik| EEDBRLATHS. ZOXI>0FHEEEZL LIZ, HRAIIETLIYIo70T7 5>
i, j DOERR R ZIZIRATRkD N 5B.

7k = arg, max(f; x(¢)). 2.4)

DI, PARIZK D RDIBPRIFZED S 0, ZRD D, AR TIE K 23 I1TRT <A
IRTAVT VA ZHVEERET S. 4RFOXA 70T+ D55, HNATL2HETF
DU DWTENETNERIGRHIZE 1104, T3ax ZFHR TS, YA 2707 4 U ER ko1
MTEWG S, FRT S EIFAE 0 oK S MK LM TES. ZokE, Hk
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Sound Source #k ¢

f
\

\

\

Heading direction of
mobile robot

Microphone

Arriving sound

The sound wave is
regarded as plane wave

} ) dn

CTI12, k

(= dhi2cos k)

Fig. 2.2: Outline of the microphone array and far-field sound source.

RIS Tiop & %A 278 7 o VIEFERE dyp, IR kK OFIESH 6, ORARIFIRATRINS.
cTiok = di2sinby, (2.5)

TIZTcl3Z=BIHboEEE2ERT. 12707 423,412 DWTHREIBRIZU TR =
Tagp &34 2707 4 VIR dyg, HIE k O EIRS W 6 \ZIFIRAD D 7 D.

CT34k = d34C089k. (2.6)
INSDOEBRERADED 0, IZOWTIRITIE, SIRAANPKE S.

T2k T34k
0r = atan2| ——, ——|. 2.7
( dip  dzs )

ZZTatan2(x, y) I& (x, y) D x i 6 DMAEE [-x o) DEF TR ITEHET5. DLED
BIfRZ FHWCTHIRGM 6, 2H#EET 5.

EEROFIRAAHE T, BHIZB2EDOINFNAEDREIZLD, FRAMDIE
USHEETERWEEDH L. AR TIR LRI~ A 707 4 07 LA OBRMENREGRZE
JAWTHEFELAOIEL & 25Hili s 2 FiEZERET 5. ¥1 707427 VA IXEZT S &
IZRBEBINTWVWAREINET DL, ZNSHXA 27074 2 THONZBREEFZEDIE U <
Bon=gt, RATRT A 130245,

2 2
CT12.k CT34.k
AT, =1 - ull [ ull iy (2.8)
¢ J(mz) (%4)

ZDMEN0 XD RELZRBGEITIE, 2D 7 RT TEHAIL 2 ZRRHZIZFERED
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A

Sound Source #k (x;, v,) / | O
Mobile robot | Mobile robot
angular velocity : @ . velocity : v

Mobile robot location (x, y)

Mobile robot

Microphone

’
’
.
’
’
’
P
’
. 0
’
.
/ )

Fig. 2.3: Coordinate system used in this chapter.

TWH IRy, DI o, Ay 2HIFEGAHEDIEL 2R IHEE LTHWS.
PRREIETIE | Aty | DEDPFI A D S BT 2 LIKET 2L e HIZ, LEWEEZBEZ
TR IR SG FHEE 1T R B L 72 & W U IERTICHEE U 72 BRGNS & - CTHRIAL & 47
22k T 5.

222 EHmEOERHEZTRARERAWSILERAILT Y T 14ILY

HIEiCRO - EIFAM L, HIROFEEE» S HAMBEZHEET S A R A M) 2fiET 5
7z, TNETIZHFHAPREL TOWBHIIRAN T V7 1 LRI K B HNFIEE NS [44].

Figure 2.3 129 &80, ary O x EEE, y i, Z282zhthx, y, 0,201,
oRy b OWEREE v, AEELY o & TN, Zho ORMBRIIKATERINS.

v cos 6,
f(x) = x+|vsing, |, 2.9)
w
z = [x 6] (2.10)

T U=, TEBTRTCOGEDMNEIXEHTH S & TIE, Ry bDOALE - B x,., v,
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O, G k DAIE xi, yr &, HESINEFI LM 0, 1FIRAD XS LERICH .

0] [tan™ (1 = v/ - ) - 6,]

-1 _ _ _
9'2 tan~! (2 yr)'/(xz x) =6 2.11)

0| _tan—l (Y = )/ (xp = x,)) = 6|

ZhsoXzEMHW, R(Q2.9) 2REEB2EXT HEX, X Q.11) 2B AR EZ, 1]
ANV T4V & (EKF) Z#HAL, z2#fETHI e TuRy bONE - BEEHE
T 5.

WE, BRI - A IZBWTHEE LRt 2B D % &opp & U, BRI IZBWTHE
EURRZ, R+ At iZBTDx2ZNTN, By Byen £ 55, 2, THH6D
WEBADIDEATINE Prprjts Py Pyrear £3%. R(2.11) DLEL% y, Hild% h(z)
ERTILLTH. ZDLE vRy FOHAMEHEDT VIV XAFLTO X S I12K
TN TES.

K =P_p,H" [HP_ 5, H" +R|" 2.12)
&1 = Beonrr + K@ — M@i_ar)1) (2.13)
P)=P;n—-KHP, ) _p (2.14)
Zijrenr = F(B1y1) (2.15)

P =FP,FT+Q (2.16)

Z 2T RIBBHIEZDESBITY], QIEVAT LI A XDENEBITHTHY, TAEFN
IR AAMEE DA, Ry NOWE - AEEOBH ) 1 X2KT. F, HIZZThTHh
RANTHZONE VYA TV THA.

F:(iﬂ J¥:F&) (2.17)
ox =&, ox =&/

INSE1IATYTEL, MBBIZt+At > 1, t >t —-At £ LTR (2.12)~(2.16) % #%
DR Z LT, Il - BBOHEM R, 2155, TD Db, BHEEDLSEITINCIZE
JFEAADIEL S 2RT |Ar| ZHWS.
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Y

Estimate location (x, y)

(i) Odometry
Measured velocity v
and angular velocity w

and pose 6 of robot
from measured v and @ ;

Eq. (1) and (15) ' x| [Gii) DOA prediction
v . Predict Ok k = 1,...n
Mobile robot X

from X, , to calculate
localization error

Eq. (11)

- pasmsmsmsmsEssssEsEsEshssssEsssEsnnnnnnn -
(ii) DOA estimation y .\\ Py E(iv) Integrate all O k=1,
Estimate 0 k= 1. .. \ = information using EKF _ )
Stmate ok s A e = O k=1,..,n & Calculate Kalman gain K| |

g)our;ldn;?;:alf: ‘ and feedback value

Egs. (3) - (10)

Microphone

feedback value ;g+

Measured sound signals
from 4 microphones :
my, My, My, My

o H
®Sound Source Egs. (12) - (14), (16) and (17)

Fig. 2.4: Overview of the proposed method using DOA estimation and extended Kalman
filter.

2.3 EER

FERTIEBEIT AR Y b (iRobot Create, iRobot) % J& N T AEE 0.25 m/s THHEXH, £
DHRREEZFHM L 7z, BEIOHRY MIX4RFOYA 707 4 %2525 cm DFPRIZE
MfECllE L7z, ~1 27074 Y OIE5IE AD 3 > /N— & (USB-6212, National Instruments)
EHEAL, 07 U IREEE100 kHz TPC ~NEUE L 72, BEIT Ry b OHEigEEBUIL
5Hz TEHIZ 17780, ZHICHELE TIREEDOHA 2175 7. RFEERICX DB OREE
% g9 2728, HigREE D AIZ X BRI DOWTEFEESZ2HWTIT>72. MHEMEE
BBORIEZIE -3 DEEREE2E012s 2 Uz, BEERBIZIIF 250280 450
HEC-aVEREL, K40 ORRDAPHOE EEGEL TRIELEZ. FEY—ar 0
fE51T13& % 13,15.5,18,20.5 kHz & Hil & 3 5451l 2 kHz, #w5[RHE01sDF v —7
fBEEHAVEZ. SEC-aVIFARCEE2RHTIHE0L L, FEIEMHEEEZ BN THEVIRL
EELUZ. BEIORY hOXA 2707 4 23K =2V DOFERRHZASB 2D, NV R
NATANZERCTINSZDEELTZ. N RRAT 4 IVRDA Y N4 7RI, &
Y'— 3 VDR [ f, fu]l Hz) 3L, [0.99£,1.01 4] (Hz) & U7z, AiEDEAEIL 18
B D H A T (Prime 41, OptiTrack) X MLEFHEY 7 bW = 7 (Motive body, OptiTrack) 7* &
BAHE—YarvFy TF ¥ VAT LEMAWT 120 Hz TEHZ 17 - 72, FEBRIZIA UREIZ
HNUTI0MEB IR o7z,

FIR ST D FAME [Ate] DU EWMEIZ02 2 L, ThZEBABMEOEEITIEEIRG i
EMTETWRWE ULTERNICHEE TS FEARZHAWSZ e Lk, VT 1)
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2 D i

N Sound Source ! 3 ! 1 ! ‘
”"”T”T"T”l’”’l”RobotTralectogx ”””””””””””
R o ] 1

WI? | |
SRR, > L
A :

y (m/div)
T

x (m/div)
Fig. 2.5: Sound sources layout and the trajectory of the robot for experiment.

ZADEHMRQIILATFDED & L T-.

Arp 0 0 0
0 A O 0

R = 1x10° +51, (2.18)
0 0 Arz O
0 0 Amn
2.0 0
Q =102 0 (2.19)
0 0 10

ZZT, At, A, A1z, Aty 1X(2.8) ZHE K FIFICOWTEIRE L ZMETH 5.
EERIILATD 3L OWTH, BERFEIZXIDHUNO IV F NS ZAEIZNTEa 3 b
M % BEAl U 7=

ZE1: R - OIFERESEIEEYSEHLILVIGE BEIo Ry MIRIN R E 5%
RINIZBEEY) 7 E D7 WRBTREIL, Zhz2dfe UTHIN 275, BARNISRT 2 &4
EDHERD7-DFT S .
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FE2: SREEMRT I2EEMHH BIH5E WA HR & 2528 MNOGFIHEIER S 7z
L& OHINAS R ZFGT 5. STH#1 OFTICERAR— LA (ES 1m, E-BTFE05m) %
Fig. 2.5 1239 KD ICEE L 7=,

3 BROBRICEEN’HZHEE WAV EHEOERICETEA D D, KAHHE
AT E WS OHINAER % FMS 5. BEMEIE Fig. 2.5 \0RT & D ICEEL 7=.

PLED 3 EAETEHIL - g RE RO A 270 7+ V7 LA DFEESIZONT, BE
Iz X BN RS 2 7280, AR ORIAIEEIZ DWW T [E U HHifE 2 F WV CRIA %245 - 7=.

BHmOEE AWSAIN AR e FET 2 Z L CHIMZITO FE (AR A M) &
U7z, ZHIRBRED S BEFHAT Y FITHWTWEEHDTH Y, YT DL
XD HFEAAHEI L DUAANDHELERTES. A RA MY TERN 29 ITRTHE
EEFIZ 12TV, fEERDS. ARSI SR & DI, HE v ROAEE w2k

UBEHEEITZEREINTE ST, ITho DAL b ITHAEINS. 2Dk,
FHHIGRZAE DM C Z 20\ R - REEREOHIA IR RS R ICBRA VMR S AR IERE S
85,

ERAEOHFERVWBEM REFFIZOWT, FEMESBA» OEFR G2 ETE
56, WOFETY A 707407 LA OMNEBEEEEN211ICLERDZZENT
5. ¥7, 0=[01,00....0,] &L, X211 OWLD*E%R hy(0,2) L EHETS. HBAE
B U, SRAAPTRTHEAWRETH 254, h(0,2)130&7%5. ZOZ&h
5, YA IR 74T LA THE LSRG 2 HAWT, SHEHANC X BHMZRRD
WBORTZENTE S,

& = minhy(0,x). (2.20)
€T

ERICE D CHML 2TV, REIRIC K 2HAL L R 217 5.
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Table 2.1: Localization error of experiment 1( lower is better )

Method Error direction Mean Standard deviation Unit
Wheel-based odometry Location (x, y) (-0.039, -0.672) (0.22,1.54) (m)

Pose 0.077 0.24 (rad)
Self-localization using  Location (x, y) (2870, -1920) (4020,2790) (m)
only DOA Pose -0.069 0.48 (rad)
Proposed Method Location (x, y)  (0.040, -0.069) (0.20,0.20) (m)

Pose -0.022 0.27 (rad)

24 #BER-ER

24.1 SEFMCEmORWGE

Z 112D\, Fig. 2.7(a) ICHIMAE R OB %2 R 9. F72, Figs. 2.7(b)-(d) (2 10 [F]DFE
BeEonzz =[x y 0,]" DREBZOWTOHEREEEZRT. ZOKELIS, Hig
IR D A% AV TIER & L B ITHEENERMLUTH D, EEHEAMOA%E AN
BRI DIGE IR E S MABEEDFEL TWB I ERbn 5. THITH UIREETIEE
e e HIZEBET 232370, TMANEL LD RAERZES FEL TWRW T DR
TE5. ZfF 1ICBET 2N EED %% Table 2.1 1237 . FFIECDOWTEE A D
WA FRAEZ GRS 5 L, HgEIRHRDOAE WS FIETIE y #i2RE K& <FEH0.67 m,
TS 1.5 m P DRIAIFRE DR AT B DITH U, BEFETIZFE 0.069 m, HEHER
Z02mEEDRETH 7.

Figures 2.6 {25/ 11281 2 FiR G MHEERE & K FIITET 5 Aty 2R, A 13 H
BEAADOARFEHS 2RTMETHY, Y1 2707427 LA T L 72 BRI 0 80
MR BEEMER L NFE0ITEWMEE 2 5. At BREWGE, FEAAVPREMRTH D &
WZ 5., BEETIEAINT YT 4 VX THW DEHIED 28475 R DX A KD I At %
AWT WD, 2078, At BRELR21FY, WInd 5 FIH k(BT 2 &R A A EE
DHEBIKEVEIRE L THET D728, BV~ T 4 IV RIZ & BN E TR T HEEE
WEGLUD6LK %35, T &0 FIRAMHEEHEI K E EAEZROGE THRNADFK
BADIRTES. ZOMBIIHZIL Figs. 2.6(d) THERTE 5. FiF#4 12T 55015
FMERZEN0s D25 40s FTREWVIZE DD 5T, 2.7(b)-(d) IR TIREIEIZ & 2 HINAAER
WX Z DEENIFZE A A SN, ZDIED, Figs. 2.6(a)(c) 12 FIERDE AR T
E5. ZhodD55160s 25 200s ETEHAEARENVEDD, Wind 5 HFED At B
RELBHo>TWVWBIZENS, MMFERIZKESIREEN R SN,
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— DOA error -~ Aty
Error bars represent standard deviations of 10 trials

(a) T T T ™03

(=] [O%)
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W

W
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T L)
AT A O
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(pen) a2y

(pen) 2y

DOA error (rad) DOA error(rad) DOA error (rad) DOA error (rad)
w2

0 40 80 120 160 200
Time (s)

Fig. 2.6: DOA error and Aty of sound 1 in experiment 1.

242 BE#HMDHB%E

Figures 2.9(a) {2 5&4 2 (2 DWW CHINL 247 - 72 4E RO — il % 9. £ 7=z, Figs. 2.9(b)-(d) IZ
Huh G OHEEAER %2 /R T, Figure 2.9(a) 2 5, FREIRIC K 5 HINAS R IZMOFIEITEHEA
HAEIZEWMEE > TWB Z LR TE S, 52 (2B 2 JIAIFEZAE D —%i % Table 2.2
WZRY. RPSOHD 538D, Fig. 2.7(a) DEGE & LHIRT 5 L 45T 60 mm FEEEHIN R ZE D
RKELBLH>TW5S.

Figure 2.8 I[Z 5 2 128 1F 5 HR A MHEE R & K EIRIZBET 5 Aty 27”9, Figure 2.8(a)
¢ Fig. 2.6(a) & HIR 3 % & 35E#]1 2 il U /-85S REREENE L TE Y, Hilkic k3
BIEHAHEE DR EDPHRTE 5. SFIEAMHEEREZDOFIMES U IEoHPKE L2
B5E, TS TATG B REL B> TWB IR TE S, EHRINhTWBES
FHIR 1 OFHAMNRELFHHITE RGN H 2D, ZOHBHRITIEATG AN BE>TWH
5. INoo, HERAMBREDALEMI 2 At ZEKRELTHEY, ZhIZE>TARIE
fte 72 35 5 5 180 2 I IS SR & B I A2 DB &2 BV T W 5.

D& BERFAMREITHINT S Ary OB E I HEFE S OEIFHIZ LD L FEZ SN 5.
ekl % [0 D AA TEDERT BB, ~1 2707427 LA TREBSA» SRS 2E
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------ Actual robot trajectory (optical tracking) ----- Actual robot trajectory (optical tracking)
=== Proposed method —— Proposed method
—— Wheel-based odometry e Wheel-based odometry
- Self-localization using only DOA -~ Self-localization using only DOA
@® Sound source . als
@ TN\ S ‘ ‘ ‘ £E W
B 4 oz 3
S 7/ ARk
/ EZ
Sl VA
Wheel-bas\ed. i \\\ -
= odomeﬁry ¢ / <\ 4 é B
= Heal £
g i Z g
E 8 ! 4 2=-
#2 #1 o=
;_gm % -3 1 1 1 1 1
‘ ‘ . 30 80 120 T60 200
x (m/div) Time (s)
Fig. 2.7: An example of self-localization result in experiment 1.
Table 2.2: Localization error of experiment 2( lower is better )
Method Error direction Mean Standard deviation Unit
Wheel-based odometry Location (x, y) (-0.098, -0.590) (0.32,1.56) (m)
Pose 0.154 0.28 (rad)
Self-localization using  Location (x, y) (1660, -2360) (6300, 18900) (m)
only DOA Pose -0.046 0.65 (rad)
Proposed Method Location (x, y)  (0.045, -0.088) (0.18,0.23) (m)
Pose -0.029 0.26 (rad)

RZETHILIZRE, T LD T12.k bl T34,k M4 TRBZBERAHDOZTSH LIEZ
NODERIZLDRAEEZRET S LIZRD, ZOFEEZ Aryy PRIELTWS. BLED
Zeho, BIRAMBREPEL BGETS, MR DA S nwZ & 21
AU7z.

243 EEICEDZTOVIFINANLH 258

Figure 2.10(a) (25 3 12D W T K FIETHIN 21T o 72RO —Hl 2 /R 9. FBFEIEIZD
WTIIBE RS 2 1281 2 AAER & AEOHIN A TETWS Z LD R TE 5. Fig-
ures 2.10(b)-(d) 12 3 12 BT 2 KM O HIN A4 %2R, 10 BOFHZiT>TW5
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— DOA error -~ Aty
Error bars represent standard deviations of 10 trials
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Fig. 2.8: DOA error and Aty of sound 1 in experiment 2.

, BEIm R Y b OFEEHIFEOATHNEICET S 71— NNy ZHIHIZ{T>o TWaRdo Tz
ZED5 10EF 2 ENIBEI TR Y MAEEIEZE L 727280, HEGHERIE S B EERDY -
DEERLTWD. M43 12T 2HIMRZED—E % Table 2.3 127 . FREIC KD
P RIE & < ITRIKRDOKD D THNFEENKE SR> TWVWE Z L WA TE 5.

Figure 211 1253 1B T2 B AMRREZRT. 2055, HIE#3 BT 2 5
PENPKELBROTWVWB I LDMRTE S, HIF#3 BTN U CTH M 20 EICH D,
J63 B HINAZ 5 X LI IR B IS N @ . A 20 7 4 VT LA IS TE#3 DIEM I 7

WISE, BT & > TIREBEFEDR S DR IVF N ADIEI BNEPKREL RDGERDH L. <
WFIRADIE D DBEEE T DR TG EITIE, EETSZETRRIIVFNADE
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------ Actual robot trajectory (optical tracking) -=-= Actual robot trajectory (optical tracking)
=== Proposed method —— Proposed method
— Wheel-based odometry e Wheel-based odometry
—— Self-localization using only DOA -—-—- Self-localization using only DOA
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Fig. 2.9: An example of self-localization result in experiment 2.

Table 2.3: Localization error of experiment 3( lower is better )

Method Error direction Mean Standard deviation  Unit
Wheel-based odometry Location (x, y) (-0.020, -0.49) (0.128,1.69) (m)

Pose 0.096 0.24 (rad)
Self-localization using  Location (x, y) (620, -530) (1.17,470) (m)
only DOA Pose -0.076 0.62 (rad)
Proposed Method Location (x, y) (0.117,-0.047) (0.23,0.20) (m)

Pose -0.069 0.26 (rad)
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------ Actual robot trajectory (optical tracking) ----- Actual robot trajectory (optical tracking)
=== Proposed method —— Proposed method
—— Wheel-based odometry e Wheel-based odometry
- Self-localization using only DOA -~ Self-localization using only DOA
@® Sound source Error bars represent standard deviations of 8 trials
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Fig. 2.10: An example of self-localization result in experiment 3.
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Fig. 2.11: DOA error and Aty of sound 1 in experiment 3.
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Fig. 3.2: Numerical experiment condition.
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Fig. 3.3: Results of self-localization numerical experiments. (a) self-localization only using
odometry of wheel rotation, (b) self-localization using DOAs of landmarks (assuming no noise
exist), (c) self-localization using DOAs of landmarks (assuming Gaussian white noise was
included), (d) self localization using DOAs of landmarks (assuming sound location error).
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(a) 3 sound sources (b) 4 sound sources (c) 5 sound sources o :sound sources
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Fig. 3.4: Reciprocal conditional number distribution and sound source layouts, (a) 3 sound
sources, (b) 4 sound sources, (c) 5 sound sources

y v : velocity of robot
@ : angular velocity of robot

Microphone

Fig. 3.5: Location and heading direction of mobile robot in absolute coordinate system x — y.
©2016 IEEE.
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o HOHHBEBEBARZ 0 THE LU Y =2 2Kb, TN TRERELEEZ S50
Ze.

« LD Y —a > DFT H(55 & OHEAHB LS H CAHBEBIBUZ B MEWMEIC 72
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Xi =3’
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Fig. 3.6: Geometrical condition of simulation. ©2016 IEEE.

Table 3.1: Condition of simulations. ©2016 IEEE.

Robot velocity I m/s
Sampling frequency of wheel rotation 5 Hz
Sampling frequency of microphones 100 kHz
Sound characteristics
Sound type Linear up chirp
Sweeping time 0.1 s
Sweeping frequencies
Sound 1 15-18 (kHz)
Sound 2 5-8 (kHz)
Sound 3 10-13 (kHz)

OB OHREEEE S~ 1 707 5 v OfEFES%E Y I a b — b U7 HiFIZFig.3.6
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(b)f,=10 kHz, p=10Z@EE L, f. % 10FE¥H (1,2, 3, 5,7, 10, 20, 30, 50, 70 (kHz)) (224t
X3, (0)f,=10kHz, f,=10kHz Z[EEL, p%& 7F¥ (6,7,8,9,10,11,12) Z£&{bx ¢
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M RIUEEDIRT A — & & FJF 1A E R DR % Fig. 3.7 12”7, £79 Fig.3.7(a)~(b)
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Table 3.2: Generating polynomials used in simulation
Order Sound source 1 Sound source 2 Sound source 3
6 O +x+1 WO+t +x3+x+1 X+ +1
7 X +x+1 X+ 341 X+t x+1
8 Brxt+x3+x2+1 B+x*+x2+1 B +x3+x2+1
9 X+ x4l K+x0+x+ 3 +x+1 XX+ +x0+x4+1
10 210+ x3+1 10+x +x0+x+1 0+ +x2+x+1
11 x4 Lt x2+x+1 T+ +x+1
12 20t +x+1 x12+x6+x5+x3+1 B I R |

— Chirp — M-sequence

Error bar represents standard deviation

12

(a) Baud rate vs DOA error (b) Career frequency vs DOA error (c) M sequence length vs DOA error
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Fig. 3.7: Parameters vs. DOA estimation error. (a) baud rate f; vs. DOA error (f. = 10 kHz, p
= 10). (b) carrier frequency f. vs. DOA error (f, = 10 kHz, p = 10). (c) Order of M sequence
p vs. DOA error (f. = 10 kHz, f, = 10 kHz). ©2016 1EEE.
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Fig. 3.8: Result of localization. f. = 10 kHz, f;, = 10kHz, p = 10. ©2016 IEEE.
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— Chirp — M-sequence
Error bar represents standard deviation
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Localization error

Fig. 3.9: Localization error vs. travel distance of mobile robot (f, = 10 kHz, f. = 10 kHz,
p = 10). ©2016 IEEE.
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Fig. 3.10: Simulation condition and description of TDOA estimation method
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Table 3.3: Common parameters of simulation

Sequence type M, Gold, and Kasami
Sequence length n 255 (8th order)
Generation polynomials
M sequence [8,7,6,5,2,1,0]
Gold sequence [8,7,6,5,2,1,0]
[8,7,6,1,0]
Kasami sequence [8,4,3,2,0]
m=1
Initial conditions [0,0,0,0,0,0,0, 0, 1] for all sequences
Sampling rate 400 kHz
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Fig. 3.11: Definition of variable used for calculation of PAPR
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EHRESRZE DBEEIBIIZKEL RBE 2D, ThaeERT LD, —Hle LT
Fig. 3.12(e) K P1(v = -1 m/s) I B 1T DM EMBIBIE, KO P2(v =0m/s) IZH 1T B A
BEBE%U % Fig. 3.13(a)(b) (2739, Figure 3.13 2S5 S H 72 & 512, p MK EWIGAITIZMHEE
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Fig. 3.12: Velocity v vs. error of time difference of arrival A7 and velocity v vs. PAPR p for

different f. and f,. Shaded areas represent inaccurate TDOA.
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Fig. 3.13: Normalized cross correlation functions f;; of Kasami sequence for each highlighted

points in Fig. 3.12. (a) P1, f.
=0 m/s.
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INEWGE
TAHLEWEL LT,
THY, ZOGEEIK p BD
N f=0ThHYH, F¥YV7TDOITRILF—
TWAHZ kIZLB.

Figures 3.12(k)—~(t) (ZF v 7L — b f,

Dz
KIS T AR AL R TH 5 L b0 5.
AT DZATIZA0FEENFE L L EFEZ 55, HilSE Fig. 3.12(f)
BT HARNE T H R 2 2 & <
D PAPR IZEENRNZ & Tp DHEHENE

EERS R EOMRERT.

M5, PAPR % &

Al cETW5

=40 kHz, f, =5 kHz, v = -1 m/s, (b) P2, same condition to (a), v

52T, ZOMEMN
ZDGED p NS WEE

-
—

e U

Zhoro, Fv

TU—=hMEFY T T2 7 MZXSERGFZDFHIFRAEIZHFELTED, BnWFy T —
MEEERBEEDOBAENPRKE S BRDMEAICH D LHERTE S, £, Fv U THABEE

B X755

EFRBRIZ, PAPR DV/NE K 40 FRE %2 Flal - 72356, (BRG] 2 DR 2D

i IZ KRE LR TWA I EWHERTE 5. Fv 7L — b PMEWVIE SRR ZE D FHEI
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AENKELRDIERLE LT, BEEVESRZILHEITONE. Fy T L —HMIK
HBILTESENEL 052D, Ry TSV T ML EE2ZIINT Lol ER
Ld., YIalb—=Yarhrs, WTINOF v 7L — RIZBEWTEAERRRF 2 % W 7
HAERCHETE2HEEOHHALEH L Z bbb, YIalb—yaryTHOWZFY Y
TR f. =20 kHz DG4, Fv L — 1 f, =05kHz Ti%-0.1-0.1 m/s, f, =1kHz T
1%-0.2-0.2 m/s, fi, = 5 kHz J2 U 10 kHz T1%-0.6-0.6 m/s, fj, = 20 kHz T%-2-2 m/s LA LD
#HPHTH B. KT f, =20 kHz Tl, FERFFEZIZ R Y 7927 M & o THliGRERA %
LB ZER<, 22m/s DEEHFTHETETH D Z D005, ULEDI s,
PAPR # FHHWTCFHii 2175 Z & T f, R f, ZIRET 2 HEWEONE Z &, BFENZN
FRA—RTANDHITHEERETIIRY 7707 M X MR ERAERHETEDL RS
A—=RDBHBI L ERLUT-.
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BIZOWTHE ZITo72. SIHREAMEOBEFKRERT AN o v —a v ORLEIC & 2l
RIKEE DA IRE L, TOEMEZR UKL, £/, =205 A —RI1Z & 0 IR
EWHEEZITLZL, N\OSTHEERETHNERY 7T 7 NOFEEZIT RS
A—REBEIRAGETH D Z L 2R LT,
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41 (XL ®HIC

B E CICIRELAETERIZTFUA LD 2707 4 07 LA Z2HWTHEE A 2R
HU, O —avOEFEAA» SN ZITS. ZOFETIEFRAROAZH NS
b, x4 70747 VADRETOARMPEINTONIEE — 3 IEIEFRIATEH BN A T RE
THbd. LPULRPS, YEFETEHFFEAAPBRN IV F AR DEREI SN

=56, WARAENREL RS, £/, 1707407 VA Z2HOCTHEIRAMZHET
LENH B0, 2T FHNOPNIZIZADRL LB IRZTUEDOTA 707 4+ Rk
HThd. BLETREUVLWMEKIZIZAEZFDOYA 70T 5 0T VA PRETEZERD
A—FWIYﬁ@%:té RAIBT AT U AE U TR/IMERD 2 Z1TH LA
AHEE RN, MU EANOBBOBHENREE 5. AFETIEIINS DFEIZ DOV
T, AERIZIEEFHEAZ —RIZED LI LTI LNEKNTHD LFRD. T I TARH
TiX, RO EEE Y —avex1 7074 T L1 EZHWAHINIEZDOWT, ¥171

74 VO EMEEREZMBELEE T3 8 THFERAMOMRE 2 A8 32 HI6ER
RET L. T DI F AT XD HFIRTG R OFRME, ROMERIE 3R EDY A
0T F VBBHTH - 1B 2RI U, Z OHNKEE %2 7635 & ks % [65] [66].
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421 XA 707# EIOHEBEERBEREHEYA 707+ VAEDERK

T, WAIZEORDES T B 27074507 LA OALE & FHEAHEEROEGRZ
AT, Fig 41ZRTIA 27074 Vi,j TNRY YTV VT UEEZRT IXNDXRZ b
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4 =
Y| kth sound source=—

L) Vo Gk Velocity : v
........ '\K_\/ -
Angular ' A :
velocity : w ff
y _______________

R R FrmmeN e

Localizing target
Mobile robot

P ctf= :
O \ dicos(p;i-6)

d; o

#2
Jjth
microphone pair

Fig. 4.1: Coordinate system used in the proposed method.

VethZThm,m; L RTZLel, ZOESIZEERLPODEZDABEENT
520 %NETD (,jkeN) . x40 74>y 7))V IRERERE L, <17
074 Y CHRAT EFTZELEFICELT, ZTUSRE50REw L LGEDM =wf,
T2 TV & M EAHBABEIE - (r) IZRADIE D kb 51 5.

ri(T) = 20, ma(t foym((t - 7) ). (4.1)

ZIT, rfi (B IXM ORI ML THY, I BEEONA, tidva1rn7x i jHo

KA ZRS. £z, A28 7 4 Vi j L HRkDABEZENETN oz T 5. Z

DEE, XA 787 VBN G k26 OEFDOEPRIHZIZIRRTEZ 6N 5.
v o — x| = [z — 2]

Tk = , 4.2)
» &

IITT BN A0 T4 Vi, j CRAFENIZEHIT k25 DEDEPRIHETDH Y, ¢ 3%

>,

M DOZETHD. ¥4 2787 VIZEFEFREEDPSDERZESDODADNZEINT VWS LIRE



42 HMEMHBEREEE LE & U THW S HIALO FEH 39

Measure the beacon signal with Location likelihood is defined
a microphone array on the robot R;‘ by the cross-correlation function
Beacon k Beacon k& =
Q »| Cross =
& > correlation ]
Time lag t
R =
/ =
~ Envelope detection | ~ -
Microphone array j : ?;j’“
k k i
Measure C(RA.' (T'.‘ (x,))) C(Rf ) C(R/) > 4
beacon signal £ d
S c
() |||/ Timelagzt s
X
1 Calculate the theoretical time k
difference at the location candidate % (X))
Use the corresponding cross correlation : '
envelope as the 1ocat1%n likelihood px; | Rf) = C(Rf(l'iT (x)))
Fig. 4.2: Overview of the proposed likelihood.
oL, 1k & rli(n) DRITIZLAIN OBIRAIK Y 322,
7k = arg_max r¥ (1) 4.3)
ij = argr ij\7) .

422 HEEHEBEBHERAWVWATILFNRARICONR N RUABLEEDES

MR S e~x A 7m 7+ v OfiEE o 2 U, PIRNROME 2, & 205
XA 7074y ECOMAAE 2 ZHNVTIRADBY RS I L& T 5.

T = Ty + T, (4.4)

WH, 127075 VFHEHRICEESNTS D, o ZEBDONZ bLeid, £k,
TRTOFRDAE o FFHANIDR>TVWEEDETH. ZDkE, v 12707+ U
@%@ﬂ%ﬁ%%q@@M&ﬁ%@&%xﬂ&&@%ﬁqy%)tbf%?:tﬁ@%é.
ﬁﬁmﬁﬁﬁmyﬂﬁr:ﬁ@mmﬁmf%%%mﬁ%ﬁTt?MW,Mﬁﬁ%@&%
%wﬁﬁ%ryﬂm¢of%ﬁ?5:aﬁﬂ%f%5.ﬁ%&@@,&%@ﬁﬁ%%?
DERIZE>TRITBLDEERT 5.

p(’rilfj|mr) = Ci,j,kf('ri]fj)(Ti]fj(wr)), 4.5)

ZIT, f(x)IFxDaKREDSDL, Cjyp FHELRERO-ODEBIHTHD LT
%. Figure 4.2 IZHRFE T 5 LEOME %2 /R 7.
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Localization result &

3. Resample #

1. Predict 2. Update with location likelihood Update the localization candidates

according to the mesurement

Predict location with Sound measurement with mic.| | #3 Q& #3, i ) 4
wheel odomet ivine sound source ©
Ty arriving sound (0 Vi) xi=(x;, v, 0)), p(x) Update probability with
u = (v,w) : location and its the likelihood p(i(1)
N probability of candidate 7 » 1= p(]R) Pxi(t— AD)p(R| x:)
#3 #4 [ (el o
i :\Sound SourceQ " =4 Py :\{
N % < N
#2 41 ﬁ§ 41 ‘H;& h 4&1
: Mic, signals ) Likelihood of location candidate P(R|x;)
lation for all m; (&) m; (7
Compute cross correlation for a beacor;s o ) Calculate likelihood for each location candidate
ound separation (®"|x) |Cumulate all
using band-pass filters | Beacon M : "—» likelihoods
Cross correlation functions [ *** Ymu (0. ma(!) 4 [y Calculate likelihood of locations |25 Lo | | x)
. | Beacon M A m/yl(t)’ m/,z(f) p(R, |x) = C(R, (T/ (x))) _ f[ﬂ .
a0 k M Vil
Beacon k Ri(1) Rt’(r) ; C(Ry) .
3 M W
> Rj() + i [Map the R’;(r) o
— . |x-y coordinate R; (z;(x,))

Fig. 4.3: Overview of the proposed method using particle filter.

UEIZRTR @S Z2TRTOHFR, T RXRTOIA 2707 4 URTIZODOWVWTHET 5.
BER, &~xA 27075 RTIZEAT 3 EORRKHEEZWMAN7ZRZ ML+ 2L FD@E
DEHRTS.

1 1 N,
(X)) = [Tl,z, s TN, o TN,;,Nm—l . (4.6)

ZZT N, &Ny iZZENTOhYA2787 4008, KOGFEOHEEL, N,N, e NTH
5. XA 7074 YDES M =[my, my, .., my|” DSHNRRONE x, %KD 5[
L, HREEEE p(xe, | M) ZRkDDZ e LTERMETES. RAXDEHMNS, R
DT WHER DA p(x, | M) IZIRARDBEORTZENTES.

p(mr|M) ~ p(MkL'r)p(mr)- (47)

AT R DALEIZBE S 2 HATHER DA p(x,) 1372 ZIE—BEA 295, L IXERD
HfFERZH WS Z e T L, ZOMETHRTL2LHERHLDIE p(M|x,) TH5. L
DURDS, M AKIZHINIK R & DN 2D Z OMRN G2 <1 20 7 4 ¥ Dfks
BE MIZEYEETDSNEN., TNETITREINTWAREREZYI 707 + VM
DEDORKEEAE 7 2R @) IZEOMRE UK ET, ERMMMEREZIEL T p(Flz,) %
Ko, WEETF>TWAS. ZOHETIE p(Mlz,) % M2 & 0 EET 2 BN, B
#1727+ DML WA R S X W RT 285560355, 20 &S R 5
&, TNMELWEARE L THIAL 21T D 72 ODREREETIER E BRI EREDNFEE L, ANELIC
FIWHIRE TR L o TV 5.
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REFIRE M 256 7 2T 2BRTIRRHDPFEELTVH I EIZEHEHL, X @4.5)
WEODEHELAEREZHWT M $RTEZABEREANKMIES. T2k D, FERIZ
AR LD 5, BAZ M BIRAEISTES. 22T RM) 2RACRT LB
DFRTOYA 2787+ YOMALEDLEIZEL CHEMBEEBELRZ1T5 LT 5.

T

1 1 N,
R(M) = |75 s Ty s o NNt (4.8)

ZD RM) #HAWT, HINDFERNX @.7) IZMRAD@EYRTZ RT3,

p(x,| M)

pr(M|zx,)

¢

pR(ler)p(mr)a “4.9)
p(R(M)|T(xr)) . (4.10)

L7, REp(RM)|7(x,)) FAHEHBEBEBIZ L O RRTLHILNTES.

pr(M|z;) = p(R(M)|T(xr)) (4.11)
=C np(rfﬂwr) (4.12)
i,j,k

ZIZTCIFAN@.12) 2HERDMHE TEH-O0ME Y RIEFbERTH S, KN @4.12) & FHig
e =B R p(x,) S, IRETEIZLZHAHER & 1JRKAD@EVESND.

4 = pR(Mlmr)p(wr). (4.13)

PR(M)

423 N—F 47T 4Ly EBWDHEGLE

RRETIRIX (4.13) L BHB Ay b OHREEEIEREZHRET 5720, N—=T 1 77«
VR ERHWS, WHEE2M431R7T. BEIORY MI2RCERMT2BEIT5E0 L ME
L, BBIoRy hOMEx, 1B Ry bOALE (x,, y,) E B0, 1250 z, =[x, yr, 6,]"
ERTEDLTD. £, BHIORY FORE Yy EAFEwERT Mlu=, o] &L
TRTHDELTE. 2L E, WH B3 2BEORY FOAE x,.() & w & BRTOA;
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&z, (t — At) MHIRRDFEY KD HNB.

f (@ (1 = A1), u),

x, (1)

x-(t — At) (v + a)At cos 0,
v(t—At) |+ (v+a)Atsing, |. (4.14)
0,(t — Ar) (w+ B)At +y

ZIT, a.By BENTNHE, AEE, AEOHEEZRT. IhoDIREIRE %0,
BHEMR D 0y, 0p, oy DIERDMIHES DD ET D, BEFEF ST 1 7T 1R
WZHWB NS Y TIVDNR—=F 4 Z)UIZDONWT, A @4.14) ZHVWTAEEZ THITS. S—
T A ZNT 4 NV EZDOBRAT v 7 TRE AR cpred 22 (4.12) 121> TEHR L, &AL
EDRE Lpreq KD D, PALHER £ 13X (4.13) ITRTME R LTRDLN 5.

4.3 EER

431 ~A4/707zx>7 L4 EBEORY MEBWSRIGIEEM

FEERTIXBE TR Y b (iRobot Create, iRobot) % & N T Ki#HE 0.25 m/s THEIME X H,
ZOUNKEEZE 2FETF - 4£EFDOXA 70T 50T LA EZHVETFIETHIELZ, BEo
Ry MIF4FETFOIA 2707 5 225 cm OMRICERPECREL 2. ¥ 271
7+ v DIEEE AD I > /¥— X (USB-6212, National Instruments) Z{H L, ¥ > 71 7
JEIJEL 100 kHz T PC ~NHUE L 72, BEo KRy b OHigREBIL 5 Hz THElZ 7720,
INIZEDLETREFEROWUA 21T o 7. HAEMHBEBEBORIEIY —a v DESREH
LO0lsk U7, BEIOERY hOYA 207 4 IZIEZ{ L=V DOEDNFERFIZAS D,
NYRRATZANVREHAWTINS Z0HL 2. MiEDOEAEIX 18 BD A AT (Prime 41,
OptiTrack) X ONLEFHAEY 7 7 =7 (Motive body, OptiTrack) 7 5§25 E—>a vy F v 7
FXY VAT LEHWTI120Hz TEHllZ T 272, /S—=F 1 2V 7 14 )V X Ok F-#Z 1000,
M - A E R OREHENR 21X 2 N Z 4 0.3 m/s, 0.2 rad/s & U7z, FEERSAIEEE 2 BITR
I 3RMTIr o7z, FEERILFE UK TN LT 10 |47 5 7=,

N=T 4 ZIVT 4 VR TIX, FHEIZHAWVE =T 1 Z VDS HINKEE & HE &I ET
. N=TAINIZEDINOANDHELRG T D720, N—T 1 7 V% 1755 1000
ECLMI A4 OUAKEE & EHER Z L 72, JIMEHEIET A2 b v 7 PC(CPU:
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Table 4.1: Condition of experiments.

Sampling frequency of microphones 100 kHz
Sound characteristics
Sound type Linear up chirp
Sweeping time 0.1 s
Sweeping frequencies
Sound 1 12-14 (kHz)
Sound 2 14.5-16.5 (kHz)
Sound 3 17-19 (kHz)
Sound 4 19.5-21.5 (kHz)
(@
< N N N
[ R Eéeic’dﬁ’;t;f;"j"""} ””” ]
777777 TR e A T B
Goal Y™ T T T ]
e ‘
<l : .4 : ]
C A Y g
S N S
d=05m L ‘
77777S;t—/é1:t77 3 " i Expjerimen%[ 2_7.737 ]
fffff Sw gl
! w ' Experiment 3/ ‘ :
x (m/div)
() o ,~Microphone pair 2

Microphone pair 1

Mobile robot
platform
(iRobot Create,
{ iRobot)

Fig. 4.4: Experimental setup of each condition.

Intel Core i5-4670 (3.4 GHz); memory: 16 GB; Operating System: Microsoft Windows 10) (Z
Tiro7=.
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432 ERRBICSIT2ERODAEICLEDTILFNR

FERIRIRIZ B B Y IVF SR - FREOE RN RGO 72, FRERR (RT60) % &l L
7z. FHlllZ~ 1 271 7 5 > (Type 4939-A-011; B&K) % Fig. 4.4 D AR — MLEIZHEL,
ZTDIE5 %7 v 7 (Type 2690-0S2; B&K) %/t UL CTINEk L7z, HIH& UL TAY —7% HiR
#1 OALEIZRE L 72, A 22OV AREEHAINT I A E 0-50 kHz, 555K 55 D log f#5]1E
iAWz, ERUE S 1% AD/DA 2188 (NI USB-6221 BNC; National Instruments) %* &
Yo7 v T RABE 100 kHz THEER U 72 BEES & 7y A 7 B 50 kHz O 1 1k0 —
AT 4 VR EBHSE%, A —F 1477 (APO5; Fostex) 3B U TAE—=HAAN
Uz, A=A SHKUEBEYI 7074 Y2 AWTY Y 7Y v R 100 kHz T
Wk U7z, 550/ 4 X% RT60 EHANC H43 12 KE L5728, 100 [FIDFH% 17\ A
WA U7z, T3V F — =Gt L O sRD 721 VoSOV 2 RE RS v a L — X —4
ST & O RDZ. RT60 X EZLHIERD S 5, WA 0B E ARSI 2EUEYX LT-10dB »
5-30dB X CIET ARMED 35 LTRkdz. LAEDTFIEA Fig. 4.4 (2R S BEH DA
ZTNFNIZDOWTEHIL 7=,

FHEINZ K O RD 721 VSV AEEB L O 32 )V F — k=i % Fig. 4.5 1289, RT60
FEEHEI DS WIS E 1.62 s, BEMA D L5E1E 151 s Tho72. ZNH 25%M4TO.1 s FEE
BRLETEH 20D, WG4 THMRAKOEERETHLLEZONS. — /T,
Fig. 4.5(c)(d) IZ R 5 N5 KEHE K E < H72 5. Figure 4.5(c) IZ/RTEEE AR WEHED A ~
POVAISEZIIHIER 2 DD = DR TE S, 26D — 7 I3FE? S DEES
BIUOEYDOS bHRHIEVENS DR EEZ OND. ZHITH L, Fig. 45(d) 1IZid &b
L DE—IDPERTES., NS5O =27 IZGFEMEICHRE UL ZHETHD,
INSEEZUNDOY =212 & > THFR OB AFRET 5.

44 HER-ER

4.4.1 SEFYICEmOLRWES

M 11281 2 HALKE R % Fig. 4.6, WIAIFEE O RS MBEEE Fig. 4.7 12R7 . HIfL
FER Fig. 4.6(a) 225, WENOWUNIED FNAERLFRT 52 L R<AIfLTETWVWS Z L
DHERTE 5. Figure 4.7(a) IR THOTEA S, KR U 72 &R EIX TN THIMZEE I m
DANFREDRIMIEE TH 2 Z e dibnd. ki UTHIRU 72 55 /5 10 % FEE 12
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Fig. 4.5: Experimental condition of reverberation and reflection. (a) Energy decay curve without
the wall, (b) energy decay curve with the wall, (c) close-up of the impulse response without the
wall, (d) close-up of the impulse response with the wall.

I}I)otma]ized ]ikelihoot{
| —

@ (b) (d)

Previous method 4

Proposed (4-mic.)

[t |

Proposed
=4 (2-mic.) T

y (m/div)

S
Beacon #2

_____ X (r.n/div) x (m/div)

y (m/div)
y (m/div)

s ~ RGround truth |

B g Beacon #lé ]
Il

y (m/div)

o
Beacon #1 s

x (m/div) x (m/div) x (m/div) x (m/div)
Fig. 4.6: An example of the localization result of each method in experiment 1. (a) Lo-
calization results for each method. (b) An example of the location likelihood p(x;(f)|R)
at the point s. Panel (c) shows the location likelihood at the point s only with the bea-
con #1 p(a:l-(t)|R11)p(a:i(t)|Ré), (d) shows that with the beacon #2 p(az,-(t)lR%)p(az,-(t)lR%), (e)
shows that With the beacon #3 p(a:i(t)lRf)p(:vi(t)le), and (f) shows that with the beacon #4
P (1) R}l (1) RY).

9™ 2 JIALIE TIRELIRHIA ERAE AR & <, & UTHAUEATR E . Fig. 4.7(b) 1232
AN S, 90%iRAEIE2FE T, 4FTOYA 707 5 VY EHVWBIREETENTN
021m, 0.19m THY, HEKIETIX023 m TH o7z, KL TIX Fig. 4.6(a) ICHERT &
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Fig. 4.7: Localization error of experiment 1. (a) Box plot of the localization error. (b)
Cumulative distribution functions of the localization error.

5380, HAEEENAEGICET 250D 5. TN EFEAROBREICE D KEk
HIAIREANRIEIRET H I LITL b eEAOND. THITXL, REETIIANMEIX
PR, REGE R IRRE RO ZEAD IV, FRRIE IR 22 5 IR A e 27> TH
59, AU X o THAEAHBIBEO B AMENEROFIE A & — B L R WGE I |
ARETH 5. REEDSILERLZHZTHOY I 707 4V 2FHLUEGEZEKT S L,
QETIHARARTOGEDIED DPBENR W LR TE S, ZNIF4FETDOY
1207+ VEMAVIHEECIIERVPRERTT, TEAEHREZEOSNTVWE 72O KHIZH
NA NP FRETH D EFE A oND. 2FETDOYA 7B 7 4+ VDA% AVEHALTIE
AZ T AV REEICHEARYPNGREITRKEVDEOD, ERKIETIE2ZFTORA A
RETHY, HEETIZIODRNS A 20 7 5 2 CHEEHE & AL O HIALRS RS ASER ]
RETH 5.

Mz s TRT AKX — MUSEALE D L JE % Figs. 4.6(c)-(F) 1IZRT. REFEOWPNKEE
I — 2 v DR EREIE I RET 5. ABEBUREIED f, Hz OF ¥ — 7FH5I2O0T,
ZOHCHBEBRBDA A v a—TDIEIZ1/f,HzTHB ZEBHSNT WD [67]. A5
TlE, T RTOE—aVIZO2VWTalEE%Z f,=2kHz & U7z. ZHIZH)IET % H S AHRER
DAL a0 —T7DIEIZ05ms THB. i, EETHWZEZFREH 2S5 cm D~~~
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Fig. 4.9: Localization error of experiment 2. (a) Box plot of the localization error. (b)
Cumulative distribution functions of the localization error.
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Fig. 4.10: An example of the localization result of each method in experiment 3. (a) Lo-
calization results for each method. (b) An example of the location likelihood p(x;(¢)|R)
at the point s. Panel (c) shows the location likelihood at the point s only with the bea-
con #1 p(a;(t)|R!)p(z;(t)|R)), (d) shows that with the beacon #2 p(x;(1)|R})p(xi(1)|R3), ()
shows that With the beacon #3 p(mi(t)lRf)p(azi(t)lR;’), and (f) shows that with the beacon #4
P(i(1) | R pli(1)|RS).
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Fig. 4.12: Calculation time and localization error for different numbers of particles with two
microphones. (a) Relationship between calculation time and number of particles. Panels (b),
(c) and (d) depict the relationship between the localization error and number of particles in
experiment 1, 2 and 3, respectively.
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Fig. 4.13: Calculation time and localization error for different numbers of particles with two
microphones. (a) Relationship between calculation time and number of particles. Panels (b),
(c) and (d) depict the relationship between the localization error and number of particles in
experiment 1, 2 and 3, respectively.
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Algorithm 1 Localization with the proposed likelihood.

1: Define a vector array of location candidates x
2: Define an array of corresponding location probabilities p

3: Define and initialize localization result &
4.
5: for each particle i do
6: Initialize vector of location x;
7: Initialize corresponding location probability p;
8: end for
9:
10: repeat
11: m « data from microphone pairs
12: for each sound source k£ do
13: mF — SeparateSoundSources(m, k)
14: for each microphone pair j do
15: R;? — Correlation(m;."l,m;?’z)
16: end for
17: end for
18:
19: u <« data from wheel rotation
20: for each particle i do
21: Tpredj < PredictLocation(x;, u)
22: lored; < pi-Likelihood(Zpreqi, R)
23: end for
24: for each particle i do
25: Pi < pred,i/ % lpred,i
26: end for
27: T — Z:ipiwpred,i
28:
20: if N.fec < threshold then
30: x < Resample(xpred, P)
31: else
32: T < Tpred
33: end if

34: until localization ends
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