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A2 mEE (LUT ) CRIABERE 2 R 5. FrcisE)
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Multiple signal classification(MUSIC)[14] {£E72 &<
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EIIEFEERFAT, BERR Y ORHENRD 5728, AKRif5E
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% (K1), ¥/, ZOUWRIEENYIAE L BEIIAN
FeairZ LICHEREIN .
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BT 2 RBHIEDOZLII N E WS WEAH 2.
D &S REREEMNT 5 BN, KRB0 IR %2
RS %728, HWINRENEZ TH D I oitie
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(RANSAC) ZHWT, 7 7 A X% 4 XDHE & FH
E 7V & D IR & R S R B RN OV Tk
ik & R 2 © DFRBEIC RIS S 2 P 8T X — X 2 HEE
5. oz, FHE UTHRE S S22 ED BRo
Ttk TRDEAHTN L TR D IR LRIFEZ#EA L OR
B VHRAFzEEERH S 5. ZoFhzidFEme L
TR XN FAZI A APBEZFEIT L AR
Mo —ZH kYL 25 FTHT 5. UT N, HO
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Object point-cloud
segmentation

—> LiDAR scan

SSL Tracking

v Mic. Array Data association
Pl DoA estimation (GNN)
ane (MUSIC) 1
segmentation
¥ i - KF Tracker management
Plane subtraction Acousn‘c v
v Ray-casting KF Tracker update
Object clustering ACO“SﬁCﬁ l
(DBSCAN) ray-casting
Sound source

estimation : P (E )

1: Flow of the proposed method
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FARY Y IL, —EUEOY A XEHFDOI FAKD
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W2 Ko THHVERGETE SR Mg ZERT 5. OV
XS 2 B E ZRLIT O LiDAR 2 & O gififh 50
DERE, BREHOFBNYIER L BEIMIED Y 7 2 & %2R
THEZE5.

3.3 RIEAYIEDEL - BEF

B/ NI D JT IR TR - BRE AP IR O )iBE 2 V) R 1258
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ECHEE LEUD BR S 2 & THERI DI & 1K 2 ki
W35 il ATYREREIES) 2fEohs. 2o
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(UTIR 2 9 2%) %218%. ZO X512 Kl t icBw»
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x LTtm = (xt,myi‘t,'rn)yt,mayt,m)’r & L, %ﬁlﬁ%ﬁg
FORED FTIRESERZLITO X5 12H T 5.

Ttm = F-’Bt—l,m + GAmt—l,m (8)
1700 = 0
0100 T 0
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001 7|’ 0o =
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ZITrBRATy 7ROy 7V AT, Az,
T gy gy TR Qg DIERINRESNEL &
T5.

—7, 7 IAXRDOELVYMEMEL LTHAIZNS.
Bl t OMERERED S B n FHOZ 72X Cy, DY
Em obDrFTL, Cp, OEOERE 2,, 1ITE5T
BRI ToXTtREN S

Ztn = Hwt’m + Aztm (9)
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T5.
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Ti/t—1,m Fri 1 m+ tyi—1m (10)
Py ym = FP, .\, F" + GQt,LmGT (11)
2.EMRATYT

Yt mn Ztn — (Hit/tfl,m + /'l’z,t,n) (12)
St/t—l,m H-Pt/t—l,mHT + Rt,n (13)
Kt,m Pt/tfl,mHTS;/iflﬁm (14)
LTt/t,m = jtfl,m + Ktyt,m,mn (15)
Pt,m = Pt/tfl,m - Kt,nLHPt/tfl,m (16)

KEB, (10) THONBKE E ) 1, CHLT, X
BTk 2 WMERHERIR LN I HEDAEH AT v 7
(12)~(16) 217725 b DL T 5. KT 2 BH»ES
N WEE
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AWDHD, BYMLE L BRAEE OIS ERD 2 T -7
VYT =2 ayhRE YT, AWFETIE I O
WIEHE D fif# 72 Global Nearest Neighbor (GNN)[18]
ZHWS.

Bl NTWE 7 F AL n EHEEL TV 29K m
L OMIEERD B0, VKT F A% n OBHINIE L
Ytk m OHEEN B DR DEEREHC <5 7 © X EEEE
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t,nm

= yg‘nm 15_/171’myt,nm (17)

FZ2%. GNNIETI, E3EMHEBORME g &,
BN ERT HPCRERIEER E 2EDTRDA R+
RIS N, 22 5.

{E
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18
dom <9 18)

(18) 22 TOEH - HREOMAEICOVTE LT
2 M A ZUTO LS 128D 3.

A1l A2 ALk
A21 Aoz Aok

A=| . (19)
Al A Ak

YR m ST 2BAMED RS Z a(m) (m # m/ 12
LT a(m) # a(m')) & LR, SL_ X\, om) B8
Ne T3 a(m) BKRD ZHIGEFRE %5, Zom/ME
2% Munkres 7 [19] Z W2 Z & THERICEHRET
x3.

3.3.4 BEBHER

YARDER a2 DfEE e & bz, #H LWt
ROHHR, ZNETOBMHRPHELTZZhdD
D, ZAUIECTHIGT 2 H0~> 7 4 VXA - TH
ET 2 EHEEILETH 5 [20].
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FION—=Ta VIRETEBHL T AYRICNT 28
HIA—RCBE RN D 5. BllsEsR
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ZEE (22T Ny Bl $2) il TEiloBsh
T2 WNIRIE AN 72 RIS S5 DRI DO W T DB #&
T35,
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YIRBRIETEI Mo, 252 %. s, BREHERIE
M= {Mg,{ Moy, -, Mo }} EIEBND. ¥/
Mo FHEDHEE D B ATV 2 72D BIHIEE T

R L B EMIR 2 XS 5.
3.4 BRRBRCOBSE

Ray-cast &, $85E L 75 6 BHZOERZ S,
HARE D 20 HIERETUS S 2 HIETHD, 22
TREHED =D, K DR % ray-cast JETR®D, H

TR EEHEET 5.

R ¢ o B 2 EEAM 0, BiESR-2T5. Uik
77 AR O@j S Moﬂg Y=¥i:3 {C%’j,"' 30%7‘7'7“'} D
ETORFNFRIIOWT, ZOREFLETEHE r
DEREEZ, <A77 VLA SFIRGE 0, AT 7=F
EiRE DR EOFEERD 5. ZEIFETIUL, Uik
75K Cyy HHEMVEPRLZLHNIT 5 (K 2). ¥
By 522 eRZEEFEOEES, chownwihh,
BZWVEZEDIBDNL D, EIERTHHEVFIEK
LTWAHREND D 272, £ TEEREHEEZEX T,
AR D EIRERDFEZITS.

Ray
Mic. Array Eﬁ .......... -
LiIDAR ol >
| i

2: Cluster based Acoustic Ray-casting
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EMIZEa Ry VEERAA—T Y —RY 7 027
HARK[21] ZFWv, aRvy b2 FLw =7 ROS[22] 12
TLDARDRF ¥ v 7F—X AL TIER L7z, ¥
7o, 77 AR v 7EDRBLIZIE Open3D[23] %
FMALR.

A THWE~A 7Ry 7 LA LHlEEEZN 4
RS, EEREEE F MRS % LiIDAR ZEERE 30
IKPARET 360 B D #EPH D B HUF AT REZR, Velodyne
8o VLP-16-LITE ZffHL, HEic8§2D~4 2
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MELE E N2~ A 77 L A (System Infrontier ft) & &
a2 = b RASP-ZX (System Infrontier 1) % H
WTEEEERIER L. ¥4 27uky 714 & LiDAR
BFEMLETH#ER— 22 X SEE L.
FREICBOWTEE LFRIEYIRE L TIZERNOEE
M, K, KHfofs, #l, X7 4 FR—F, JEHEEG, PC
EBE=XEREZR, BIWIIEDA 7V — N EREES 57
DIZEEE LD S 2 HTANZ-0.35m,y FFEIC-1.02m B
T HRICHE 0.71m DEEZRGE L. £, BRI Z2H
B3 2EHE LT, AP RE ZITWRN 5%
BORE D ZEMRICBEI L. ZOBENI A X — Ml
BB~ — A —I1Zin o THREEHE D I N OB T3 ET
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Start / Goal
7 Object

3.58m
(a) FEEEEEAX

(b) SEEREREEBEE
3: EERERE

VLP-16-LITE

Tripod

(a) HEHAR
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4: EEEEE

SEDT AT 5 TIE, LIDAR D2 F ¥ VEAM 7 =
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e BREEH YA

B 7: 75 RZDHERR (t = 20.0[sec])
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4 4
2 2
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-2 -2 .
-4 -4
-10 =5 0 5 10 -10 =5 0 5 10
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9: HEE SN HIRMER



B EITHRVESICHREBRED T PEREDOR W
L RICHBERICBOWTEBMNTH 2 Z RS-

1.0 1.0 _—
T 0.8

02 — without_tracking
—— with_tracking

0.0 0.2 0.4 0.6 0.8 1.0
Threshold

(b) FER Vg

o
@

Precision
Recall

—— without_tracking
—— with_tracking

0.2 0.4 0.6

Threshold

(a) WEHR V,

0.8 1.0

X 10: PEREFEAM

5 HbHDOIC

ARWFFE T, EFENER T LIDAR 2 W TAEEE
R20, BYRED 2 EY R RKED T T D FRWTER
Wik XAIL, Ptk BERATIEREHE L TEIR
wﬁ?éiﬁé%ﬁbt BEOMEDBZENIZH %
ABTH, WREXFITEZ I EEHBRTRLE. %
iﬂﬁ%#%@%%{@of%aﬁfﬁéﬁw%ﬁif

x5 2 bR *
W—/a/#%%?%%m,%%7§X&®wﬁK%
BILZedbY, SHENEPLETHS.

HEF

ARWFZEE JSPS BHFE 19H00750 DBk E 513 7=.

BE 3R

[1] G. Narang et al., “Auditory-aware Navigation for
Mobile Robots based on Reflection-robust Sound
Source Localization and Visual SLAM,” Proc. of
the 2014 IEEE Int. Conf. on Sys., Man, and Cyb.
(SMC2014), 2014, pp.4079-4084.

K. Takami et al., “Estimation of a nonvisible field-of-
view mobile target incorporating optical and acoustic
sensors,” Autonom. Robot., 40(2), 2016, pp. 343-359.

Y. Kokusho and M. Kumon, “Sound Source Tracking
by Incorporating Target Motion Estimated by Visual
Trackers,” Proc. of Int. Sym. on Sys. Integ. (S112020),
2020, pp. 652-657.

B, “BRIGE BRI & E{RIEHE B W Wi I
J255|7’\}1/H‘§'k7)( FOAER HEAuRY FES
EMTEEES AR, 2020, 1D3-02.

K. Sekiguchi et al., “Online Simultaneous Localiza-
tion and Mapping of Multiple Sound Sources and
Asynchronous Microphone Arrays,” Proc. of Int.
Conf. on Intel. Robot. Sys. (IROS2016), 2016, pp.
1973-1979.

2]

[5]

72

(6]

[7]

EORS)

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

21]

22]

[23]

INCRH, BIREM, DR LA XHEE ® V= R
S ) uﬁ%u%ﬁi 7 S E BRI R S AT A
AT 7L — /a/Bﬁﬁﬁ , 2018, 3B3-13.

J.J. Leonard and H.F. Durrant-whyte, “Simultaneous
Map Building and Localization for an Autonomous
Mobile Robot,” Intelligent Robots and Systems (Int.
Workshop at IROS91), 1991, pp. 1442-1447.

RHIIEM, SLAM AR, +— 2%t 2018.

MM, A4 7ak> 7142 350 LIDAR & H
W ERNEFEHIKIER,, e R T 4 ZJAX v r=2
2RSS, 2016, 1P1-09b4.

J. Even et al., “Probabilistic 3D Mapping of Sound-
Emitting Structures Based on Acoustic Ray Cast-
ing,” IEEE Tr. on Robot., 33(2), 2017, pp. 333-345.

RB. Rusu et al., “Towards 3D Point Cloud based Ob-
ject Maps for Household Environments,” Proc. IEEE
Int. Conf. on Robot. and Autom., 2007, pp. 927-941.

M. Lehtomaki et al., “Object Classification and
Recognition From Mobile Laser Scanning Point
Clouds in a Road Environment,” IEEE Tr. on
Geo.Sci. and Rem. Sens., 54(2), 2016, pp. 1226-1239.

T. Konno et al.,, “Audio-Visual 3D Reconstruc-
tion Framework for Dynamic Scenes,” Proc. of
IEEE/SICE Int. Symp. on Sys. Integ. (SII 2020),
2020, pp. 802-807.

R.Schmidt, “Multiple emitter location and signal pa-
rameter estimation” IEEE Tr. on Ant. and Prop.,
34(3), 1986, pp. 276-280.

J. M. Coughlan and A. L. Yuille. “The Manhattan
World Assumption: Regularities in Scene Statistics
which Enable Bayesian Inference,” Proc. of Int. Conf.
on Neural Info. Process. Sys., 2000, USA, 809-815.

M. A. Fischler and R. C. Bolles,“Random Sample
Consensus: A Paradigm for Model Fitting with Ap-

plications to Image Analysis and Automated Cartog-
raphy,” Comm. ACM. 24(6), 1981, 381-395.

M. Ester et al.,“A Density-based Algorithm for Dis-
covering Clusters in Large Spatial Databases with
Noise,” Proc. Int. Conf. on Know. Discov. and Data
Min., 1996, pp. 226-231

P. Konstantinova et al.,“ A Study of a Target Track-
ing Algorithm using Global Nearest Neighbor Ap-
proach,” Proc. CompSysTech, 2003, pp. 290-295.

J. Munkres, “Algorithms for the Assignment and
Transportation Problems,” J. Soc. Indust. Appl.
Math., 5(1), 1957, pp. 32-38.

M. Wakabayashi et al., “Multiple Sound Source Po-
sition Estimation by Drone Audition Based on Data
Association Between Sound Source Localization and
Identification,” IEEE Robot. and Autom. Lett., 5(2),
2020, pp. 782-789.

K. Nakadai et al., “Development, Deployment and
Applications of Robot Audition Open Source Soft-
ware HARK,” J. of Robot. and Mech., 29(1), 2017,
pp. 16-25.

M. Quigley et al., “ROS: an open-source Robot Op-
erating System,”, ICRA workshop on Open Source
Software 3 (3.2): 5, 2009.

Q.Y. Zhou et al., “Open3D: A Modern Library for
3D Data Processing,” arXiv:1801.09847, 2018.



