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As a fundamental study to achieve safe and comfortable mobility using personal mobility robots and
devices for the disabled and elderly, we (D studied in tracking of moving objects, such as people, cars,
and bicycles, by fusing sensor data from multiple robots located in vicinity, even in environments where
occlusions often occur, @improved the dependability of the tracking system so that it can maintain
accurate tracking even when sensor anomalies occurs, and @evaluated the proposed tracking system

through simulations and experiments using mobile robots’ platform equipped with laser scanner.

2558 . adRT 47 A, Ah bha=7 R, HEERLHE

BFE DR « MHE - BB T - FInesiks: - B s AT A

F—U—R: RX=YFLELUT 1, BEhoXRy b wrFary b, BEWKEBH,
L—H¥ 2%y F, BV Ta—Tar, XM XT4)H

1. BRSO 5
BE#iXEo Ry b=V e Y T
S TR R Y, a— P OIEREE R 2
LCRODPEREEY T4 ZA[REL T 5%
— YT NAEEY T ¢ OWENPEITICED
bID X hho TET. WBEtEE DRk
DTV EHARTIE, A - /BFE7ZT TR
ERERERNEDOELY 7 4 ICFE T
HATN 2 M=V F LT
4 VAT LORBENREHETHD.

ZEOE R BB BRI, EfTEREN R A
AR T ICB W T HIEEMEE < @<
DLy T HAN OMESL)S B 72RO
OEDTHD. HFEE LI N E CEITERE
(s, BEEEY) ORHES' Y
MRS W B3 AR TE A Ik L C & 72
BEiaRy hOITS OREIZENT, BV
L= L —F (L—FRFxF) Ik

HETEREE U TIZOWTIEE K OHF
FENIR I TERY, FiEkEEY OB
AL S>oH Db D0, BElEEY (B
1K) ORBFNZHOW IR R FHEmICE £ -
TWBHDONREIRTH 5.

2. WFsEDEW

ABFZE T, #HEe Ry bOFEFE Y
WOMELE - A HE S < BRETRHR, FFICAE
BRI N AT Lo TWABEIMAE
VUV TICERERY, LN ETY.
OFEHEHEREF LRy h2rbDk
YR E O - IR X D B EM IR
GBEER) > 2T KOS

Q) VI ER 7 +—/L N hL T
RN A S A NpY i

RVERT T v b7 4 — L OIEEE L 5 FEER



3. WDk
OEHEHEREF LRy Fb0®

VAR & O - TR I X D BEMW AR

By AT B DAL
O T BB

KuRy MIAEORER#E T (L—
PFAX YT 72E) FHRPLEAZ Y v RIEIC
X OBRTEERE L, BT 5. BIfOET—
N % HMGBHR & a8 2 DI2 0T 5.

QHMUEES : K1 orRYy F3 DL,
HAGBEMNY, thieRy Nexy NU—7 %4
L CHEMAMA R A BRI N T OB T
D, BRI~ T 4L H S Interacting
multiple model(IMM){ED <A X7 4 V4 % H
Wb, XA RXT 4 VHI XY —e A 7 v
—Va YRNEUTEBEERICK L TH TR
ZITH Z & CIEMZRE TE 50, Frly
N % O BHME RO TIEBZLT O 729,
T HE A ASBE) LT HE R EDIC
Y AEMEOA 7 V— 9 TKHET 5
EDRRNEETH 5.

708, B ST BT LB OB T
& Ot F 1% Global nearest neighbor(GNN)
EEHAWD. F£7o, BB AR 5729,
J— L _R— 2 N BMERVEAE AT 5.

byhFHEHs : 1 HForARy b1, 2059
Z, WiRENIthe Ry hERry hT—2 %
I U TIEMARH DS FIRE 7R UL T T B &
BT 5. Ry MNITHBRILANARETH
B2, BUHRBENAOBIMERESD Z &
NTE, I N—2a o ~DORIENES T2
5. WiBHCIE, BEMER A IE T 5720,
fihe AR ~OBEE#RE B EOBEHRE
OFIFIT %2 GNN {EIZ L VITH. £L T,
Covariance Intersection 1:1Z X 0 /i
AT 5.

Robot #3

1 AMTEEE—

@ZHE 7R K E S OBEMWAIBHT

OTIE, BERIZOBEWIRE L THTHE
DR EXGE L, ThEERE LTIV H-
7. L L, EHRTIIBEHmEIIRITER
TR T HBENE R K, SR RE X
OYERNBFIET D, b EBHT 512138
AR ERE ZOH LMK E LT H,
BEMROLRE L L LI KRESEHET H Z
ERMEERD.

LR R & S OBEWRBER > AT L O
B 22T, A u Ry MIE#EE Ik
DAL, EEZY v RiEEZH
WCRBEMREZRETS. 2 LT, BEIK
BT % ' o EUAMEE #®A S — N2k (E T
L. =T Ry bBEEINTE
TBEMIRICET e Y EBIHIEE 7 T A ¥
U7 LT, BEWIREZ B (K& & LA0HE,
WEOHTE) L, FOBBMERAS ARy |k
WZIE(ET 5.

ARFZE CITBHMEOIR ZIE W, ESL
ERFORFITRBLTH. X3 T LI,
BEMROREE I Z yih e 35 x,y, FEER
ZEFRL, KT 51 o HBIHMEO R K
B & e/ MEDZE X 0 BEEZIC BT 5 BEY
KowEw ., E&L  &2HET5. 2L,
BEMADO K E S 2 RATHEET 5.

{Wk =Wk—1 + G(Wmeas _Wk—l)
Lk = Lk—l + G(Lmeas - Lk—l)

72120, k, k=1 1R AT, G 137 1.
KA THTELZEW, RS LOEFEOE
DEMERESL L, TOWERESDOME
HEwE AT, —EHETT IS L
U T AV ER MM EDORA RT 4 VR
2L BEMWIRD RS (frE - ) ZHEE
T 5. 72k, FRBMARET 572 DI IERME
HYEEEAT S,

M

Rule based
data association

Moving-object detection based on
occupancy grid method

Moving-object detection based on
occupancy grid method

3 K& SHEE



Q)& YR ER 7 +—/ b h LT b
tyyyﬁyx%A®%%
Ok rHoEC2ZW
REGERE P ERICESS AF v v
yF UK EREEAHEET DS, B
PRMEST D AT v vy T U TR R
L7725, T, ICP(lterative Closest Point)iZ
1T B AT L

361

Ls ZZ{Qi - (Rp; +T)} @

DEMELL EIZ 72 o 725G, ' Wikl Lol
T 5.
LR ORBEWIR N EITT DENEREE T C
@Lﬁ®ﬂﬁﬁﬁk%<ﬁ@ HEZNAEL D
ﬁﬁ%é T, BEWikEE s 2T
BIFA2E5E7 Yy RiEx b L ICF Y
%%@mb ZHIZKI L TCAF Yy o~ F
TwATH & THEDORRZ 2B 5.

@aAM&(ws&@ﬁéK;é7¢WFb
L7y hECEEGE

BEMIRBIRC #éﬁﬁ&)/%&
kwf-t/#ﬁﬂﬁ%aﬁ%%ﬁl_v/
v LY, BEonRy Mk DB
24T 9 121E, 7 e — SLVEERTO R v
}\ODQE @%Eﬁﬁ \—nuﬁ%ﬁjqé &ﬁ‘ﬁg
L5,

BAMRIE CO B CEEGE# & L CGPSOfE
FAM— % CTd DA%, T EREE CILE e
WL~ /L F R ADEEIZ LD A R
WENRLILT D, & 2 CTARIFFETIE, GPSE
mAM%ﬂALfaa KB Z1TH. Th
2LV, HETRE O WBEMIRER S AT
A%%ﬁf%é.&%,&AMkaﬁE%
BB ICAFAET DR, R—IL, $E4 oM
MIRSCEM ORI 2R T R~—2 L L
7-EKF-SLAMZ% iV %

HO% @%E/XTAwﬁﬂ%l4_T¢.

2Ry NI, GPS, LSk &>
FHEREBGL, Thax b LICERERAC
BEAEHEE L, o — VIR Z R T 5. &5
2, firARy hor—hHVHRERAL 70
— VHIKZERR T A Z & T, Fuadhy hD
REMEEREZ®mD .

SLAM & GPS O#t & Tlix, £, GPS 2
\F7 % HDOP (Horizontal Dilution Of Precision)®
BB REHICEY GPS T—F#Rar v
AT REIDETF =795, HDOP 3
4 LT, GPS OBIIIEEEN 5 UL ETH
AUX GPS 7 —ZIXEWHTE5H L LT, GPS
ZEvaRy OB CEBRETHTSH. WIT
SLAMIZE W HOEB LT R~v— I (\ExE
BHEHT 5. GPS T —F BMMEHTX 720
A%, SLAM TERL L7227 o — LK & %

ICH OB ARET 5.

Robot =1_}
/
/

EKF- Robot posture and
SLAM local map

Global
Map

Map
merging

EKF- Robot posture and
local map

SLAM

B4 HCOEERRM AT DO

RVERTT v b7 4 — LD
RIEL-BEin R vy hOANE X5 I2RT.
v ARy MIAEAMSLE SR~ 1 7 C, Ntk
UYL LTHfm a—&, T A NRN—
yAeEBH LTV, RBERRE T EL
THARBTEIC L— A% v (LS, SICK 4
LMS100) Z 1 b XV & & 0.78[mICE%{E LT
W5, LSIZ & v 1B 270[deg], FEAE 20[m]
N OWIKIEEEZ Time-of-flight 7512 X v FHHl
45, £/, mRy Fit RTK-GPS (NovAtel
tH#Hl GPS-702-CG) Z##i L T\ 5.
ZoRy MIER LAN ICXY Ry ME
H, = _LOBENATRETHD.

X5 B#hmRy b

EpE S
(l)ﬂ‘iii?/“ﬁ‘fﬁﬂ?c&ﬂj_ﬂ’l‘/]*#?g@t

UHE R E ORI K DT 4 R A

TV T B

BITHEBRFELE 74V ML T ME
CEBRBTFILEEEHAEL, BT T v 7
F— DI L CRMIER 1T - 7=,

X6 OBEEICBWT, 2 B0uaRy ML
D 3NDOATELZBIT S, K712k b
DB A, X 8 I A\ DOBENREE 2 19
oy ML, BEfh, AR F~—2 L L
TRIARSHR— VA, B THEIEBITE, Th
4 EICSLAM 23T L, 7 r— L iiX %
ERLL TV 5



X 9 IZHEE LI Ao ETIH =T, =
&0, BMGBEROICE ST, BB a@)
TIIAITENERBIICE TV 5.

10 [2r Ry hoHEBHEEREE DA
YBBREE ~DR L IRT. 2 XY, GPS
T =X NG TE DG AITEBRRREN /NS
<, GPS 57— & NNk 2 7256 TH SLAM (Z
U252 & CIEMBENRTEL L
WIND.

30 40 50
x[m]

K7 vRy hOBERE

40 50
X[m]

8 AW DR ENREES

P

30 40
x[m]

(@) fisFich

30 40 50
x[m]

(b) HAERES (AR > b 1)
X9 AN¥OHEE EATEBS

o
0

Tracking error[m]
o o
St

o
[\
T

160 260
Time[scan]

10 B CEBHET I O NPBBRE E ~0 28
(R - GPS O &M, HM#R : GPS & SLAM OFELE,
KA 050 A% v > FE T GPS & SLAM Dfila, 50 A%
¥ LRI SLAM O A, AR 0 50 A ¥ v o E Tk
GPS DA, 50 A% ¥ VLRI T v KL a=v 7Ok

fEH)

=

(car 1

e =g 0B
= Car #4
B

11 BB

-

Vehicle#3
_ Vehicle44
£
= ol erson#]
4 \

” - \
Robbt#2 Robot#1
Person#2
10 1 1 1 |
50 40 -30 20 10
X [m]

12 vl b EBEEROBERERE

B g#Vehicle#d
2 of Vth Person#l|
\
-50

Person#2

3
| I I
-40 -30 -20 -10

X [m]

(@) fmiaen

Yw[m]

O,Vehw/ )

Vehicle#4

/’/Person#l

-10 L ! ! !
-50 -40 -30 -20 -10

X [m]
(b) HAMGBEF (2R v b 1)

13 BB RO HEE EITES



__________________

Y030 200

Time[scan]

(a) th M BB
5___-______‘_-_______‘ _________
4tk

By

g

@2
-------- SSsIsoae-ooosooooes
1

%0 100 150 200

Time[scan]

(b)HAGERS (mAR > b 1)

14 HEHEORE SHEERR
R () BER kS (R HETHER i kS -
i D)

QHEH L VIEREFLa Ry b OE
VY & O - AR K D SRR )
L/LLSTEN
ST K& S OB B IRE Tk % FE5R

7Ty N7 — MTEE L TR ER A AT

o7z, K11 OBREIZBWT, 250Ky b

LD ATE 2 AN, TimE 1A, BEEHE LS

BT A, X 12 lcaRy N EBEWIERD

BEhRRIE 2T
X 13a) I HafiBERNC L v HEE L-BE

RO EITI &, X 14(a)12 BB IS0 5 K

T SHEER R AR, o0, X 13(b),

14b) iz e AR v b LI L2 BB ERORE R 2R

T kY, BMTE, “ind, BEhEZE

BrcE, £/, HBIEOKREILHEETE T

WD DRSIND.

AW T, Bk (BEifEEY)
WBLT, ZhETERPARATH-72, O
FIN—T a L ORBEEZ T TICBEWIK
RN FTRE, OQIEENRL OB IR 2T
TR BRI FTEE, @& v VifEDR
BEZ T TSGR A fREE 35, @
FWT 4 XX T 0 2AT HBEIMIK
BERS AT DAL LT-. Z OREDERIC
L0, R—=YFLEELYT A DOHELT, A
WM& oEFEEFHEE LIz RT 4 7 AL ITS
BT DLE T 4 XU H TV RT B O%
B ERICESTES.

AW THRE LT BRITE B 2T A
HWMmAICEL ToBEr AL TS
LMD Y AT ABEICKR U CEIRCH S, i
7, HENE, “EmiSEoBEiAEER s AT
AlX, EWE T — NICERNT A E TG LR
STWNDHIZ b, BATHEBI S AT AL

L CH—NSRREICEHE CTHL E LDz, v
Ry FOBENHZ HITHONT, P—r3~D
BRNREL L., £ZT, VAT LDT 4
NRUA YT 4 RERRIMEEZ X HERT D
T2 D= Ry k& OFRAFESE
DML ASHOFEE L TEINLTNS.

5. ERFERIMLF
CdERERmSC) (R 16 1)

@O Tomoya Suzuki, Masafumi Hashimoto,
Takuya Kanehira and Kazuhiko Takahashi,
Laser-Based Road Recognition for a Smart
Electric Wheelchair, The Science and
Engineering Review of Doshisha University,
54 %, pp. 43-52, 2013, &t

@ Tomoki Konda, Azusa Nishio, Masafumi
Hashimoto, and Kazuhiko Takahashi,
Laser/Vision-Based Tracking of People with
Sudden Changes in Motion, Proc. of
IEEE/SICE Int. Symp. on System Integration
(S112012), pp. 416-421, 2012, A5k

@ Kei Kakinuma, Masafumi Hashimoto, and
Kazuhiko Takahashi, Outdoor Pedestrian
Tracking by Multiple Mobile Robots Based
on SLAM and GPS Fusion, Proc. of
IEEE/SICE Int. Symp. on System Integration
(SN12012), pp. 422-427, 2012, & FHH

@ Masataka Ozaki , Kei Kakimuma, Masafumi
Hashimoto and Kazuhiko Takahashi, Laser
Based Pedestrian Tracking in Outdoor
Environments by Multiple Mobile Robots,
Sensors, 12 & ,  pp.14489-14507;
doi:10.3390/s121114489, 2012, At A

® AR, WA, EWHES, SiE
E, Hfiv v F LAY L —HFL—FITk
LMK D LSS - K& SHEERE, A&
R T AFJE T s, 53 &, pp.
135-141, 2012, #Fify

© WA, RRSE, Bl 7, Sz
v VFBHE ARy MILDH L—PFR—2
NATE B, AR5 SCE C R,
78 3%, pp.220-234, 2012, EiiH

@ WA, WREE, B &E SiEf0
] = R A PRV s el ¥ =V 1}/5
AR B A ORE - BER, B A
WP 2w SCHEE C #i, 78 %%, pp.138-150, 2012,
i

Kei Kakinuma, Masataka Ozaki, Masafumi
Hashimoto, Takumi  Yokoyama, and
Kazuhiko Takahashi, Laser-Based Pedestrian
Tracking by Multiple Mobile Robots using
Outdoor SLAM, Proc. of 2011 IEEE Int.
Conf. on Robotics and Biomimetics (ROBIO
2011), pp. 998-1003, 2011, ik

©@ Masataka Ozaki,_Masafumi Hashimoto,
Takumi Yokoyama and_Kazuhiko Takahashi,




(FRFEH)

@

Laser-Based  Pedestrian  Tracking by
Multi-Mabile Robots in Outdoor
Environments, Proc. of the 37th Annual
Conf. of the IEEE Industrial Electronics
Society (IECON2011), pp. 156-161, 2011,
At

Naoki Suganuma, and Takaaki Kubo, Fast
Dynamic  Object Extraction using
Stereovision based on Occupancy Grid Maps
and Optical Flow, Proc. of 2011
IEEE/ASME Int. Conf. on Advanced
Intelligent Mechatronics (AIM2011),
pp.978-983, 2011, & HA
Masafumi Hashimoto,

Masataka Ozaki,

Takumi Yokoyama, and Kazuhiko Takahashi,

Laser-Based People Tracking by Multiple
Mobile Robots, Proc. of 2011 IEEE/ASME
Int. Conf. on Advanced Intelligent
Mechatronics (AIM2011), pp.37-42, 2011,

wA

(3t 20 1)

AL, v LVFL—YF AR FItkD
HBATHE - BEWIA BN 20128, 7
RN T 420133 AR 7 4, 2013412
H, &R

R OB, BRI A~ L TFBEI o R
v MZED L —P_R—Z N2 BEWIAK
XS - BEMEEE, 14 WBIEHH A B
FEEES AT AL T T L—
a CEBPIEETE 2, 2013 4E 12 H, fRF
R B2, v VFBEHoRy MILD
L—HWR—2 N BERRE & - R
HEEDE, 831 mAARR R v N
%, 201349 H, MR

P& & #8t, Occupancy Grid Maps (2353 <
BEmikomt Liass, BEjEEISE
ZR4x, 20134E5 H, HHik

B VHIEA, Grid-Based SLAM [ZH:S< B
IR ORRH &BER, T KN T 12012
TURY T A, 20124E11H, T

®OmZE, A FBEnRy Mok
L—HR—2 N BERRE & - B8
HEE, 7 RN T 420120 VAR 7 A,
20124E11 H, T
WAL, v~V TFBE#eRy Mckd L
—PNR—Z MNRTEIB, 7 R T o
20123 AR W A, 20124F11 H, T
WAL, Hifi~LF LA YL —HFL—
N & B RBENIIR DL - K& SHEETE,
2012 4F H BhBLH I S R RS FIH S,
2012 =5 A, ik

W oAy, —RERICBITAAT LAY
VarcHWicHE RO IET— g
HEE, 26 12 [RGB Bhfl e s v A7 A

(
)

6

AT 7 b— g UGS, 2011 4E
12 A, HAS

RHEmE, v —Lrvaricksam
TR E) 21T 5 B D =R ITIBHF,
%012 B FHBAEHE TS AT
AA VT T — g UEMERS,
2011 £ 12 H, H#B

ffEMIEL, BT —# 3 3 —2011 Smart
Mobility City 7 A k74 R&RKFEHE
HOME ~ 25— —%Z2Hn
-FEEM I ~, ADVANTY2011 > > 7R
Yo, 2011411 A, mEB

FivE 4%, B4 EKF-SLAM % F V7~ 5%
fheRy Mok b —PF_—2 N7
BER, 7 RAUT 0 2011 R T T A,
2011 £ 11 A, =#8

FERLE, BARE CO~ LT BEia R
v MZ XD L= _—2 NPT B,
o HAE Ry NERFINHEHS,
20114F9H, B
WEEE, L= L yaickaam
BOEREE) 21T 5> A D = RoTiBEF, BAR
P2 aRT 47 A« A bp=s A
S 2011, 20114854, AL
RIFfFS:, ~ A TRBEaRy MZXDE
AEREETO L —H_— 2 NTH B,
AAMME SR T 47 A« A b=
7 AL 2011, 2011485 4, [EL

Z D)
LRIRNDOBEZ TS D0 DNE B
BN LR, ey =2 b
NEXT BIma¥Ee vV 4 < 0 REFEANEE, T
BAREPEZESR, hitp://www.kansai.meti.go.
jp/3jisedai/project-next/daigakuseeds/daigak
useeds.html

. WFFERA

(OFFEA RS

B4 Mz (HASHIMOTO, Masafumi)
RS RS - B SRER - B
WFFeE 5 + 10145815

QWrge s

B EH (SUGANUMA, Naoki)
BIRKEF - B % - AT
WrgeE% 5 - 50361978

Q) HEMTTEE

B i (TAKAHASHI, Kazuhiko)
AR RS - BLLS2ED - #of%
WrgeE %5+ 90332808



