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Table I. HAEBE R Y FOHAR
Robot name Megarover V2.0 Turtlebot3 waffle pi
Velodyne VLP-16
Sensors
Wheel Encoder
Framework ROS Kinetic Kame
Slam Software LOAM
Localization Software amcl [modified]
Navigation Software move_base [modified]
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P ARBT 4

6. BEEEMICONT

AKFv V=l FTHLNMALEMNZ TReo X 5 F
FEOPTEN L TS ZRET TH D,

[ FAHERS ]
Ry AT LADOERER, Y2 U T ¢ & ICT Bl
W2 B XIET D HEORR

[Easng (1~2 %) ]
Ry FAT AOERER X2V T 4 3BT DY
—ERADNH B

[ R (3~5 41%) ]
Ry hATLAOERER - ¥X 27 4 —E20H
G & dm AR



7. Et&IC

KFO D=7 h~DBENE > TaRy FHESE
~OBELPEETEREE-S T, 5B LEHEKRE, BER
ERICHEE LR D r ARy N B B C o AN 2
BOTNEWEEZ TS,

X [

(1)

(2)

(3)

(4)

(5)

MSTATECE NG AR, “oRn D IR OBRREES ~%4a
272 ToT OFEBUZHT THEEICRBEL T LWEZERA > b
2/ 2017

MSTATECE NG SRS,  “ToT BIRICBII DX U T (3%
FOFFE” 2018

IoT HEitE s Y — o 7 b IRBE RFEER, 10T X2V 7 4 A
KZ A > Verl.0” ,2016

7T ReXa2 VT 4T ITAT VAT Y R [ORRHHR] 26
FESHERWEZODOEF 277 IoT BEBFED 13 D AT v 7 “2017.
MNTATEOE NG SR, BB EofFH X2V 7 4~
FAATA RN H 2R, 2017,

FEER  THA PV, MEEEA, Vol BEL, No. 54, pp.~— ¥ (GEATR)

(6)
(7
(8)
(9)

(10)

International Electrotechnical Commission, “IEC61850 Ver2.0”, 2010.
International Organization of Standards, “ISO134827,2014.

Ry NEMA =TT 47, “HEEEr ARy NEORAR Y bR
T L OEEMERERICET 201 K74 2016

PSEATBUE NG HALPHEERERS,” B 27 20X 2 0T 4 U R
TMTAA R “E2hR 2017

KAMRIET: E#EF =) 7 0 REBERY: 7 BB MRS
DLEELEF2 )T 4 2 RFET D201 ,2015.
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3.9. TIS OHGH A

—HfEgEI o R Y MCXABEEFOHELEZ BIEL T—

TIS #E Xt mH 5
A8 S e

M "T

PR K

e

BB Wi 7 74 ACEET2EAEICENC, BAEBIie Ry F&2FTEH L2k EE o ki
MR HEELN TS, AT, BAEBEIn R Y 2T A MY U ~A VOREESICTHHAT S ET
WL 70D RN — LA LV RAICEER#IT 2008 v M) KO TREE(L S v/ I &2 U 7 R B

Bl ) 1R DRI OV THRET 5.

1. #E

D TER 2R, BRSETIEAEEER A N OB 3L
ML 2> TNDO, LD DIFTANT v~ A LDElEE
BCHBREORM L H Y, H7EHEORE & mEbi L b
LTWn50, Z O EEFRT D DIcEc T 7 —F 0
THOITWaR, BEETeRy hEHWET A RT <A
NEEREOEENLR E, v AT 4 7 AT 2R L
Rt e i A R BET H2RBNEH SN TNWHO.

Zo TE#EBEI R Y ML DEEEFOHEL) &£
THEDIE, BALKOBRINENENTRHHRER e %
MG, BRAEROT TBEER 22T 2I10282
FEEECH OALE 2 HEE T 2 B D0-©721F ¢ <, THlRE3ERs )
2FE L THROBVWRKEASIREL, BEBEIZ AR v M2
PAT SHLEAM S RERV. M T MERER 258
BorRy PEFRNCEE, ZREVAT AORHE Y
AT AEWoT TRIRER | O Hx N AT AL
— ALV RICHEELTCER Yy A AT ZEI D RS /A7
L, kxR O A EE S E O NER D D.

% 2 CARRTIE, Stage II IZBWTEEKZFEE OILFFE
& UCHEM L7 RE D 5 B, LITF 2812 20\ THET 5

BN E Y — AL ACHBBEIT A 2Ry FOWFE
B AL S 7 X & B T R R AR O B ST

2. BERSNZEV—LLRICBEBRHTH0KRY FOB
R (A—LRXORT 19 ABRASHOL D HEH

%)

BN E S — AL RICBEIT ARy NEFEBT L9
I, HOBREOBEEZLZEL TR ONENE R A
—RIATERTE DEARORFEIZT T, BN LRI TR
Teote Y2 HWTHEE STz, EARMIZITAEMEO N
JERERTORR Y FOMERLTMETFER —AhL RIS
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HAET Y7 by =T OB LMLELE RS, T TAET
X, B — AL RAICHEBEIT ARy FOAN— R
=T V7 =T ORS L FEMBIL, R LRy b
MENSE S — AL ABBTE 2 O0 & S L7 EiE %
BROBERIZOWTHHT 5.

(2:1) @Ry bON—F T THER

BNAD Y — ALV ARBENZAREE T 572DI2, BNRINL
F® LiDAR & BANRIRI O R » s U — 2 B RTK-GNSS %15
AR LRy heA—sXaRT 1 7 AFEEHOL
HAZBA%E L7= (Fig. 1., Table 1. BR).

m .

e
\\"

L.

Fig. 1. BB L7-AHEBE=R Y b



Table 1. BAZE L7-vaR v b FEEHEH
LiDAR Velodyne VLP-16
% v kU —2 % RTK-GNSS
o Softbank ichimill LCO1 (2 %)
ZAGHE
IMU Nt (Al A — K Pixhawk CubeBlack
H Oz E ROS PC Intel NUC NUC7i7DNBE
BRA—NFRARY infenion TLE5012BE3005XUMALI

ARy FON—=R7 = THERDORA L ME, LTFO S5 A
Thbd.
(1) HmBEOERETHNIRVEX DL ENTED
(2) Fv hU—7B RTK-GNSS™ &2 H\\\% Z & T, R
HATCRETT LS, HHRHHRICK T 2BEME
(RREE - iRBD) % em R DRE CTHEET 52 &R TE D
* v kU — 2 % RTK-GNSS Z {514 & #E IR O R4 dh_E
W22 BRFEHL L, om SRS EE CHEEE - RIEZ /B TR AW
DFESEFETH LT, uiRy NEMOFEMERS
fLE/HIENTED
LiDAR, % v kU —2 % RTK-GNSS 32154, IMU N
JRAS IR HIE AR — R & FER D BICi@ET 52 & T
HBEHUE R 2 B o> F AL B HEE O AR % Ak & il
THIENTED
v hU— 27 BIRTK-GNSS Z{5#% /7~ N7 L—
OEN Rl T EBROE LIS E L, i
VN FRAFEEEMHTHET, ry hT—2
RTK-GNSS ORINHGE L E T 5D F TIZET B RefH]
EELSTHZENTEHO
¥1 % v b7 —2% RTK-GNSS
GNSS*¥2R0 QZSS™ 3 b %A% L= ENE &%+ )V T OB
BHRIBIEEN DRI MIER S CTHET S22 8T, cm ORI
BE TR BN 24T 5 2 AT b
X2 EHUERMIEATE A7 2 (Global Navigation Satellite System)
K[E D GPS % EU @ Galileo, =37 ¢ GLONASS, H[E®
BDS S0 MER % B \—3 BERAL S AT L
HWERTEME VA7 A (Quasi-Zenith Satellite System)
FEIPN 2 DB Lo O HER THEE 2 0 p N THETEREE AV 7z
BEPNLS AT L THY, GNSS 0% N TLHE L ADETHAR
DM R Z AL L TN D

(3)

(4)

(5)

%3

(2:2) ARy FDY T b7 = THER

ARFZECRRE L-a Ry MIBRWN L RBICRZ BRI

WaERAWTHOMBEZHET 20, Th oDtV 2R

v MAEBIN - BRICHETTH LT, BRSO —A L

A BEEFEB L TWD (Fig.2. 2M).

AKuaRy hOY 7 b7 = THEROKRA L ML, LTFD 5 &

THD.

(1) GNSS X QZSS DI EMN%(F TERWENTIE, IMU
DM L7z v Ry b OEENRRE L LIDAR 28I L
T-BRERIREE A TIT, HRNCIERL L TH D 3 IRt ARE
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MR DA A O EEHET 52 &R T
& % (Cartographer® ©¢> ROS FZ%0 % F1| )

GNSS X QZSS DIEENZAETE LB TIE, &A1
—NF KA NI HELRE Ry FOEENRE L
2 ORI 5 % oeic, HEFHSRIZ I 1 2 faxd iY
TR L BB EHEET H LN TED

GNSS X QZSS DIEHFNEAZ TE 0 3 kot AFEH
MHIER STV o LA iz ERL,
DFEMAN DO B DM T(1) & (2)DMEIER 2 F I
Mt piTl 8 T2 LT, BRSO TRT
MEXFRO 72 PEAT R (R - IR - 5f7) TrAy hDH
OB L BAAERBTED

GMERN B DFRFIZ LY, BNHEINL & RIMAINL & R
IOV B2 LR TED

BN R DT 2L E - RS CH AR 2
ETHIUE, BIEOEBNIRE & A7E - K505 B
RABIET 572D QR e R G E 2 U 7 v 2 A
LTYNLEL, EAOEKRZEEICHIEL TrRy b
FHMMAE CARBHIELEBTED
(ArduPilot® Z#] /)

(2)

(3)

(4)

(5)

| Indoor

Coe |

EKF Y
| Postion ||orientation|| Odometry ||

/neumc

B L7-oRy hd Y7 by THER

Fig. 2.

(2-3) ERIIEER1LTDHR

B LizeRy RBRENIE O — AL RZBEA[ETH
L LEMERTDHIEDIZ, mErRy NT AT 4 —/L RO
WCCRAI WD 4 32— ORBEREL, BRKEEMH
ICHBBE)TE 50FE L7z (Fig. 3.~4., Table 2. Z/R).




Al

= ERALEHICESEEBH
= BSVRIGRIICESBRBE
X1 BOSVRIGI A BRAIGIA~ Y&
X2 BRBIGIA B RIGIA~ Y&

S=20=2Q=DX2=Q=>@=0

=G

meg
G=0=>0=>D=0=0~=0
¥1=2Q0=0D=S

(@) BFRP R — b

e
S=2D=>0=>0D%2=3=@=0

=G

He
G=20=0~=2=0=->0=0=0
¥1=220=>1D=S

(b) HHHAL— b
Fig. 4. EIEEBRDR
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S=20D=2Q=>D¥%2=>03=@=06
=20=0=0=0=aG

1=
G=0=0=D=0=>06=0=>0B
=2DX1=20Q0=>0=S

(c) HHEL— |k A

S=20=2Q=>D%2=>03=>@=>06)
=20@=>0=0=0=G

1z
G=0=20=7=>10=06=-0=0B
=2>D¥%1=20Q0=1=S

(d) #ELr— b B

Table 2. SFZFEIEER 1 O

FIEERT —~ B D S — AL R A ERE)
it B 202141 H 14 H~16 H
RBlju®Ry bTFA N7 4 — F®
v
IR it~ ¢ —/L K (Fig. 3)
S Fig. 4 |2 L7efRIE A BT L, %8 L 7Rk
= EEREICHEBTITE 5 = & AHERT 5




RFERE R & LLFICRT (Table 3. 2/R).

FEREFEER 1 OFER
T A Nr—2 AEATHRERS
1 (a) HGEFJRL— b
(b) HIEHAL— b
(a) HLEHHL— K
(b) HEHL— b
(c) HiEL— A
(a) HLEHHL— K
(b) HEHHAL—
(d) HiL— kB
(@) HE g L— b
11 (d) HEL— B
12 (a) HGEFJRL— b
14 (d) #E/L— b B

Table 3.

iy

|
e
%

=X Bl BN B e N B I B O VSR I S )

OlO0|O|O0|O0|O|O|O|xX|O|O|O]|0O

15 (d) HEL— T B

T ANr—2A 5 TlX, Fig. 5. DL ITHEL—F A O
ROFHIICH 2MEEY (B ICERLE IR, A b
AL L. ZO7OEBORHMEZO»O@ICET LT
HEL— b B ZHICRE L, UKIEHSEL— R B Z2#E(T
ERBEZET, HEL— DT AN —AERERIEDH L
NTET.

Fig.5. AN — b A CEBRICERLZ S TR0l T

ARFETRAR y hNl o 72 (BLE P L— |, BOEN
Jb— 1, HBiENL— b B) O#BELLTTRT (Fig.6. ).

(a) HRRH gL — kN OBLER
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(b) HBRIL— N OB

(d) #E/N— F B OFLEE
Fig. 6. HEiFFBR 1 R v b O

Fig.6. %27V v RO—1F 1.0m 2E L TEY, (a) =M
i L— kX2 (b) HERRL— b OB RS SR Y, HiE
ETHNITHRARTHBHET 0.5m FEORRMETIHEE LR
EloENTWD., —FHF&N— FOAKX — NS S HLSR O
WMET, KO () ZEL— N B OGO S I— Ll F
THHEOEI & RS AR Y, A58 o HEBENLHEIE 2B
BT 556 L0 bIRENKEL, BETIIRAT 1.0m RE
DREBENFEAEL TNDZ ENEATIND.

(2-4) EIER1DEE

FEWNBINLH O & BEANRINLH o #X % Z 2 U E RN
HHFH L, ENENOEER ZALE T 10em BLN, 71
| BEURNORSE CEMT 21752 FRNC/ER L TR E, BN
WINL & RN O XI5 723 Al fg 7 M T2 4L B & B 7R IIZ 9)
NEEZDZ &T, EBOTHMAR LZBRET T, FL—
WA HARE, BEEBENAE S —A L AT cm FRE DB
RO CHARBEI TS 2 L BERTE 2.

LU HEBEIEITHIS, HEDREBRBICH L TBEIL
Te R DBEDPHAI NI R E L RDGEMNH D2 & b
L7z, ZOFRREE, filgx v A ¥ —ICx3 28K OEE 0%
BRRENWEEBZOND, FEFEER 1 TEIT LHERITIE



AH (BT AR 1%RE) IT/EHBNTWDHR, SEIIRIRE
SRR R &, HaEDN D O HMmER D AT ANE & DB
DA[REZR S%FREE O AlL & R OIS FTET 5. BAFE L
7ol y MIRTHRA T v A X —IZ2> T 57120, HRH%
BT T~ 2 T8 CEITT 2 &, BTG BN 5 hETT 5 1n
DHMA~ETND. vRy MRV TAXA LA THONEZHE
EL, RFTREEREELE LR S HEETT A0, e
ISR 2SN TG H T 2 &3 eV 3, S22 EE |
DEITICHARTZ EDWBOBRENKE LR D 2 LIiEBT 72
W, () BEAL—NAEBETLIET A Nr—A 5T, EEY
T AR A EIT LT LE 7200, HWHEN S HE
WZRD BT 2BRICHERN S 252808 1T XKE 2R DI
W D RIK 25 E LTV 720, TR S ELE NS
TLEodiEEEZLND.

(2:5) BRANZE—LLRIZBERAELZORY FORE
Stage I1 THA%E L7- @A 3 — A L AITHENTRE R B 88
Ay ME, BE LB AR -T2 &N TE L L —FU =
T VT N =T O T ODDSERA v "B D, 5K D
WA TR, L0 BROBEBEIRR Y RO ORI TDE TN
(1) @il vy AZ—
BN EETT %A, TEHTH-o-THLHIBRED
BEAFE OB T NIER 5200, filg s ¥ v A X
—IZTHE, ZOBEREOFRYVBZICKILTHEN TS
D07, B AT D ERIC & 2 REORREN
KELBRLFRICHR>TWDS., 5%, BiioT—
2 —Hhom ERomM AR EORE L, ROF -y A
—R O AOERR L, EREEE TS
BROREL /NS TE RV EZ TR,
BRI & BN O Y B 2
AW ClE, BARIZ (LIDAR + Cartographer) & &
SMHINE (R > b U — 2 AL RTK-GNSS) DM 25%h 7
OB DML (Fig. 4. 1IZBT 2 HAD) <, HIN T
DU EEZ 21 To7. ZOFRITHEMMIEEL, nly
FDT—A L A BNIBESEN A B LT3, B
PG CHCIELY EMICHE TE 5 L0 d %
T, WSO T 10~60 EREDZIENLETZ 572, 54,
(DY LA EkEBE) Less DS HIn 244
DEZBND L OICT D LT, HEOEIEEZEDARN
BN RO 0 B 2 8 TE ARV DWIZEE DTV,
v b U —27 1 RTK-GNSS OZ(57 75
AW, BRay A TIHRL 2%y N
— V7 BIRTK-GNSS 5D &S 2MDH Z L Tuly
rDF I E EMEICHEE Lz, oA NEME
T 25H, Fv hU—27 % RTK-GNSS #—E 2% 2 [A]
BEKT D DITEERN S\, 5%, Ry hU—2
RTK-GNSS #—E 2% 1 [E#OAEKI L, — oD
BSZET T T 2T A2 LT, Rk FmfEE
NTE72WDy, WFEEHED .

(2)

(3)
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3. MEEEINn-HBRZAV-EBFERTOHE
(HRXEHBEXT FOR()EDERFR)

oAy O BEBEIEIED L, BEITHREICHETS
ERTERR ALK LK A T, MR L BRGS0
< Elf g A BN 5 KRR &, =Ry NAFDEL
WU 7 BEE Y & (AR L 72228 B #IX]_E CHIR SRR ICh
STHERLNIBENT B0 DWHEEE - ARELZFHET5H
FTAORR IS G B 2 T CRES D 2 &R Z0NE-03, L
NLZOBABEBEREEICEH L Ca L o BfTifseix %
VWS, Z ORSBEA A INE ) D T OIS HBEZ I T E D X5 e
BIEZ LTV RENE WAL T 7 e —F LIafgidd
R SBITEHEE ARy FEFIEL, BKE L TR ORI L
<uRy N EEBE ST ED L O R KEIREZ LR
FTHUZEWD, EWVHIELENG T 7 e —F SNIFgE 07
FZTAETIE, AESHBART R R0OL HETEL
7o, vl y " EHRBEIE T 5 2 DI E R IR O E A
FEL, FRHOMMERHWNTERO AR v Mo LaiR
ELTARNELSERDO Y R WD ROKBIIRRE & R
4B HIEOTFIEI DN TR LS.

(3-1) BRI h-thRDEE

oRy SAHEBEIT A OICBER M OET L E L
T, AfaCixm oK, v oAK, KR, s
X&) s b SR+ 2 (Fig.7. 28).

o
555 HE A
L/
‘ R AR
reizmeE S
Al e
‘ BN
‘@g@@
L g F
Fig. 7. PURBICRERE L S 7= il o

TAMKE Y UAHKIE R Ry MM A R LEND
AR w7 GHEME) (DTHY, mRy MIETAD
EHOTHEBBIZIT . KRREHKIIERT T v b7 x
— AR o TR END AR P H VMK (7T 7 HiX)
THY, KRPLREEEZREENT 2720 bons.
W, SN AT DR ONLE &) &AL 7 R E i
OREMICET HHW (B 2L H DA OB HEF R L) %,
SMERH & ALENT T . AREBEIn Ry FRoXOEHT T v
b7 =20, A DR A G E L, KRR D
DVNIRFTHIRREE O RITER T2 2 L8 TE 5.



(3-2) TIHRDEE
KTFEO=IHXIL, vy FAAFOE T EZHWTH
OB EHEET AN AKX TH L. ZoMRIZe R v
R ET D o RETT L B O EHEE RN KT
5120, AU 2T LG50 L
MTERRV. B 2L 3 ot st E W= B O EHEE 51T 9
aR Y bOEA, ZIRIT LIDAR ([CX > CAER LS EZ T
SHEE L THWSZ R TE D (Fig. 8. 2R) .

= THX D

Fig. 8.

(3-3) VI FhRDEE

FREO Y AL, BEMPEHL TS ECNEE T
2, ARy NBAROKRESE CAEBET S 200 /TR
RKHE 2 RZT DDAV LN K TH D, Z D,
BEO® o HBER LB OArEHREE AR (= aHix) %
WATDHZELAEETIED D2, Vv A MR &2 HRANCEA
THZEITEY, vy NSRS DB TITBHITE R
WIE S EBE LT R ETRRR R E A LR 5 2 L 3 ATRE

2%, BlziE LIDAR 2 AW T Rk A#RBEd 5 o
Ay hDYE, LIDAR THEUNTE R\ T A DRES % i)
WA Z 72 R OT AR, SO AEBEin R v M
BN A T8I L 7-BEEY b BRI 0 2 72 %ot
SRR Y UMK E LTHWS Z T, L0 EMICEREICH
L7-BAERE 2 EHT D2 08 mdeL 7 (Fig. 9. &) .

FIERTBILIHS20D 8

————

—

i ..
-
@25

o
2 )

Fig.9. Y ¥ A HKDH]

(3-4) KEEEBEDREE

FEZREORBREHRIL, vRy MR E#RBEIT 5 REIC
BOWT, EHoOvRy hORBLEEEZHEEL, 2R
v MATOEERLT v Fu v 7, WERRRGHE Y 2k ) 4
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KELTHRELS EBFITSEILDICHVLN KT
bb. ZORBRBHEL, =Ry NREEBEIT XX RK
EroY, FREOSIERA Y NOHAEBEI R vk AEEE]
THRA N, vy NORWHMEZ ) — e L-ARH S
W Em oOERE 7T 7 L LTRBLES (Fig. 10. 2R). v
Ay bR BHEBET XX REHNRREONEIL, oy
77 RZBWT, RIS TS ) — Kb, Rl &M
RN TS — F2@Ey, BRHICHAY TS — F~ED
RO RA N2/ MET HRBEE L TIRADZENTEA.

(b) /— Rexy Dk HBAER LI
Fig. 10. KJRiRE& 1 D]

(3-5) S ERRDEE

B ONEIENE, AT AOBEHEFICH 5 HEBE o R
v OBV TIRBHLENARWEREINT S AT A0S
BT, KEMSD2WIZRAT 2RO ERFIZT R &
LCEATAEODICHNONS. S ORI A& E)
oKy b OSEET SBREEICR T DALE & RIS B TR
D, BIZITER D A T OBE D B EWN O R E ONLE TOR
HERILZRET L, 22TV D REAZTRIL TR T2 X9 7%
FIRFIERB ZBND.

(3-6) XRERHRIZEYT S5

AIAENC TR LEL 2, 4 BEEOHKICE>TrARy bo
BB 2 KET A Z LN TE A, AHiTIEETDN S 5
RIFDREFE R OAERRTFIER, B e Ry NOFENCBITS
KIFHFRBE DSLRFIEICHONT, L VIES R 5.
ZORFGRIERK D 7 7 % ERT DB, /7 —Ré=



Yy UEFEETERTHI LD, ML1OL—/LTHEIIIZ
AT 2092 L1 TEDZN, TEFNRAV v b T AU » b
DIFAET 5. KSR HIIX 2 3% 3 2 BT 0 etk 0T A A e
REEBFLT, WUTEEZRINTILENDS.

(1) /= RE&zyVE2FEETRE (Fig 10. (a) ZH)
)= REZ oy VEFEECERTDHLET, /—F
DONLELERET R&E T v D2 DM FHES S Z
EMNRTED. L LR CIEMEAEENRNIE L 725
kg, ARy FRAEEBBTARENE (LT LS
T7EBROFEETEVETLERS LD, KF
TR OMEFFE L o 2 S AT 5.

J— Rz yUE BB (Fig 10. (b) SMR)
=V EED TRBREMXE BBIEK T 254,
77 7 OVERL « BERITR S 72 0 KRR HiK
HEFFE P o A R RS E 5 Z LN TE B, (Fig. 10.
(b) 1%, YA EOEEYNENETE S — R
1z, 8EfFIcH D/ — RETT v UEFIW T KRk
BHIR OH]) . L LA— LRl d, 5 L
IELTIELWHIAIL ) — FRRESND LIRS
T, =NV DF a—=r ITRT T TOFEEIZLD
BIE/ &, FiRRKBREEHIX OHMERFEBIZBMN =2 A
NRAREIC IR DGAER DD,

(2)

F 72— DO KRB HE N TERE O Ry FAEEL T
WHYGE, toa Ry OB ECFRFEET S5 THHS D
frEz&E LRy NEHBETIES Z ENTENL,
ERELTEVHENTrR Y NALOREMERDO ) 27
WOV ESIRTH LN TE D, ZofiaRy hoE
HEBE LUIRESRICITEA R FIEREZL NN, KE
TIHROZODOFEERETH. FrbAOTELED, K
SRR HI % B E T D BT O A EE L Tl e Rk
BRTHMERDS.

(1) PAZEXMEHOICHTE (Fig 11. (a) &)

— OB OFEE, B TTIEORTERWEFT
E, KRR O H 55585y 77 712 (FHE
TEHTIKAVLNIMETH D) XK A H
PIZERETDEWVI FIETHD. FOMAEXRICH
Ry NRTFET 256, FEMS 77 7RND /) — K
ICHRESDNITEN, oaRy MIFEXBNICE
ATERLRD., ZOEODMO Ry MIFHEXH
ERTD /) — TR 57, PAZEXE 285 20
BAEHRERLITRTHZLICRD. LoTrRy b
[Fl L3RS/ Cok G b LT 2 U 27 0,
BREVWNEEELIOR - TTy ey 7350 A
I EIRBEED Z LN TE 5.

PAZEIX[H] 2 BH9IZ3X & (Fig. 11. (b) &/
(L)DOFEXM % FEETHNICERT 2 TEITE
IHICHERET 528, K/DIREEHIX o> B B4 pl & 13 MM
BEW, ZZChovRy b OBEN EOREAETT

(2)

48

THThHA I RBEEBNRAENXH L 2L, £h
bEB{TRRER ™y P& LTHIl L7cEn 77 7T
KRB ZRET 2L VI FELEALND. Z
ko ThbuRy MAtOBEMELSLT v Ny
IOV AT EERBSEDLZENTELR, LR
v FREREIT T2 THA SR e 2 THIELTL
FOL, touRy MR ERE T D HHED R
STLEI 2D, ke L TIHNRRRFAIRER &
o TLE) WREMDH 5.

|§Uﬁ%m—é®uﬁ%®&@kﬂ%aﬁﬁﬁﬁ

/\

E

- p/”

10 oot HBEES B G AV
s 1| FHES B3 CH 23) VPSR

(b) BhE97 PHIEX [ o>
RIm b o> PAZEK ] D R E 5]

Fig. 11.

(3-7) EEER2 LT DFHER

o Ry M LakE LTHRAEL Ry MAE
T ORfRFEI D U R 7 N DI KBIREKE, KRR HIX
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a—X ) HREEHEA~OHMKZ BRI E LTV, DY
MAD—BLLT, RT I RALT=TD1OTHD
OpenRTM-aist(17) OHIFNEFFEZ BHEyE L7z [RT I Ry
mTﬁ“AJ%’hiTSE%%LtU$ ZNETOR
VAT, ECI Mo =T 2EA LRy Ml
077 LEERTED LD REERMEER - FEi LT
Tl LOLRRS, BT/ Faxz—FDRT 2~
= Muld, R - - TER7R & DR 5B DRI
BULBETHDHID, TNLONHEFERDEH)7aRy b
BE BN TE D L) B2 RE T 2LERDS.

—T, BIERITLTWD YU I AR—RaryEa—4
RaspberryPi % FI|F L 7= IoT(Internet of Things) APYCIE
GPIO(General-Purpose Input/Output), [2C(Inter-Integrated
Circuit), SPI(Serial Peripheral Interface), UART(Universal

EE’
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Asynchronous Receiver/Transmitter), PWM(Pulse Width
Modulation)’2 E&—# V5. LinL7ads, &gk ~Y
H—E LIEFEA VAT LEBET DL LB 255, Y
7 b= TIZ L BHIEE T TR, N~ Ky =THITT
Y2 TR R I N VAT ANEE LR,
FV, LVEERLER - BETRIEOMBALELD. D
ZAZ, mAR sy MERE (), =Ry MEE (BX - E7)
WICOWTEE L TWARWE, Fu s T AEFH LT8R
PRI T E .

FIT, vy h—FuzT7¢tuaRy N7 b7
FHMELI-OR Yy NVAT AL T T L—H4 (TaTLy
= THIRE) BPREEER, [Ta7ry=T#HEa] %
2019 4E 2 H 2122 RICBIE L7=(18). Z oS TIE, [HE

DIHILTT, T—Z v — DA T aefiEL, ~N—Kv
=T OEREE Y 7 N =TI S W5 HiEE Y, RE
T OfE% Gmail API & S 72 [oT & A7 A& HEET
5hHEEEBEATITY. £, TaT7 AT EEED
FERARE LT, [Ta7 vy =T 1] % 2020 43
A3 HICBEELZ. ZoiEEa<TiE, B V1EHR%Z DBIC
AL, DBICKHMMINI=T —& % U 7V & A KMTAfALT
DL EFEEFNTIT). ZOWETHONTAREES 2
LT, BT /T2 —XDRT 2R —3x 2 MBS
T, — R LT — 2T A0 IoT LD A HE
2%, FELWVEFE S ORET-% YouTube(19) TABI L T\ 5.

D

(3-2) ARy k> = 2 L—%4 Choreonoid EE L

WA, oy b a b= REHEL, BXOERE
fbiz7z v, vRy s OEFTEMRRCIERBERIERE 22 21
L DBRIEEOMRIL, v Ry b AL —Z DEREAT
DT EMTE, e IIIENT 22 ERFIRRIC -

7. T2, WRS A 77 « KEIEAT Y — b RLf
WRERIE c HAF ¥ L VT, ~RY by Ial—4

Choreonoid ZHWW/=v 2 2 bL—y a3 Uitk & LTERASH
7L, vy NI ab—XOIEROENINED, T
FIHEPEHESTCND., £ZT, vAhy Izl —4
Choreonoid DEVF & F_DEEHESNMNELEZ 2, HES
ZIZEL, 20204FE3 H 9 HICBAfE L7z

ZOFEETIE, vy I = L—4# Choreonoid 1T
DuRy NETFAREIEEZHIIOT 5 AL LT
BV, &HUIZ, Choreonoid TOrRy I al— g
DOFHEEZES F LT, Il Ik b=y b

00— 7 OFFFHTEEHICOT 572912, Turtlebot2 &4 L
7-aRy hETNAEXRIZ, [ODualshockd D AT 4 v 712
X o), Tt HEIC L Hai0dE - fell - 5 1EEh{ER
B, TOORMICLDTA > ML —RHI#] 2475 =2 b
0—7 OFRFEITH. #LwﬁﬂAwﬁ%%,wquw)
TALTWD., ZOME THITE T MsEE >
G, Choreonoid “C‘é%ﬁﬁﬁ’: ERTEBHEARY FVET LD
BEDWRE L 22 5. 2020 ARV, with == & F/after = =)



ZEWL, Zoom A LA T4 LHEESE 2021 42
A 19 HICBAfEL7-.
(3:3) ChETOEEMELHBERLT

BASHFSK & & b2, Stagel , Stagell Z#i@ L C,
xRy MAMEBERE BN E LiZiiE S0, BX
UBEEIT>TRY, TOBBOF THEX 2B R K
L, RTC-Library-FUKUSHIMAQDIZTAB L TW5S. #H
fE, Fxid Stage 1 LIS T, BAR Y B AMBERICET 558
KOUHGH Y, HHBESMRICHIZY, T Stagel,
Stage Il TR L 72 8B &2 _N— R & L7272 2 8B b 1R L
TRY, ZOHITHERNTS.

(A) The 1st International Joint Symposium on Practical IoT and
Robotics Education22)IZ 31T 2 FHH T KFE~DO R > M
B): 2019 4

Z 2T, Stagel T{T-o72, OpenRTM-aist TL I® ~A
¥ RAM—LA®EV3 245 2 BN—x &2 /ERT 5
RT I MU =75 ER Piki#E 2 DON%A % Python T EV3
ZHET DNAEICER L, EREIT - I2& B AV T
EATo 7.

(B) tRSREEIMERGREEM BEEMBOAMERS Y
Xa T LERE LRy NEBEEEZM I AMZERT
512 DOHHE(23): 2018-2019 4E

Stage 1 |IZ5| & i X, TROS, RIM|{ZkbuRy 7 r s
FIv7) EWHEEET, #3008 (20 2= X90 %) D
WEAEMY LTz, Stagell TlX, Ta7 V0T HINEEZE
THEMEZADT, T—H— N&FiteZ & T, Raspberry
Pi Cv o AMB Ry MBS TV LB HOE—F D
N TE B L5 ICERZBM L. %L T, OpenRTM-
aist, ROS DA A F—/L&ITV, TNENDI KL =T
T AR Ry hOHIENTE D L ICERZBML
72, VERE L7 %k % GitHubQAICTAB LTV 5

(C) ERY: W@ Y vR >y b AMERKEZEQ2S): 2018-2020 4=
2018 FFEED D 2020 B, MERAR Yy FTART 4 —L R
DIFH & #EF— 250 WRS2020 3% HiE L, FfEET o
Ry FEXWBHRS L OEBEICLY, IEEEETEROE
#, BIOT 7 )7 hTI—EOFAETHT IRy AM
BREAT O o OBERHER A L, #BR%1To72. 2018 4R
TIE, mBE#RME, Linux, Python AfH, RT X F/bw =7 Off
NEEME LB ESE21To 72, Stage]l FEEFHE#E R R v M
JEBIRE B EETIER L2 RT 2 N0 = 728, &
BEMAOAMERS U X2T7 2ERE LRy N
PEEZI I AMEBRT 5720 OFHEG B 2 S AT i
EH L, HFri-iZ Python AFAOEEZER L7z, 2019 EET
1%, ERRIEERRGEZ S L, 2018 EEOEE, BLW
Ry b33 2 L—# Choreonoid %1 L 7= =G ERIEMAER
T, EEIEER Ry b T AT 40—V KRBRAT T

68

7. Robot competition for Standard Disaster Robotics
Challenge in WRS2020

REL-UoA
SEXF

AP

Spider2020
S oy e

s 2:50~10:05

X 8.

Live streaming of robot competition via YouTube

BEPC YouTube

USBHAS
FDR-AX700 [ > ]
AKEFANAS E{:]HD OBS
D £iR BIEVIH
UsB| kv rmE
RfFEPC Cam Link 4K
HEA *vIFvR-—F
HDMII HDMII
HRRAE HDMI HDMI [ NINJAV
[ | <—>|E_‘."°3HD |<—> KRR~ =
FAIFY— La—g—
BIESEPC o3y -4v-EsFy
HNAB BERE

9. System for video recording and live streaming

I C Giraffe DEFERIEEE 21T o72. ZOEEE1T O BRI
B AE AT @ Choreonoid & B ERL L7278, Z OEEEF
BES¥5ZLT, 2Ry b33 =2 L—4 Choreonoid #74£
DR ZVERL LTz, 2020 4R T, ERRERINEEZ B
B & LI-Mg@lE 7 u 77 MO EF_DHEEDN

%=, BLUOBHOERZITV, #EEE21To7. £LT,

EREEERRRE LT, BB ARy v T A 7 4 —L FEN
BT, WRS2020 > 7 F « SERHE 7 Y —SE %}
ICEERYEVERERTAT T ¥ L > P TRV DAL SRR o — R 2 VERR
LT (®7), Giraffe DEAEEBREZTN203 5, WRS2020 %
HigLTW5 &HER% REL-UoA] & (FMEBaR Y b
kBT — A MISORA| BENEhouRy M EFFLHIA



Fr, BB CTHINZHWE ONESEZEL, 2020 4 11
H7-8 BICEM L. /22 0OWNES T, YouTube % F

LA 7RELIAT L CER L (X 8,9).
X HIT, 2019 AEEEM D 2020 4E 5, ICT AMBR A BRY &

L7e, JRETERDAEGE, GRS DAL, /ImmER
WERDOERERMBII LTl I IV THEEITOTD

OGEHERZ L, 8% {To7-. 2019 FETIE, TYu
Z LA L LT Python 2558521772, ZOEE
1%, 2018 4EEDIEY o R F/kiﬁ:kEE§?§%0)W* THERE L

CEBIENRT D2 L TEBAIERL TS, £z, Pepper
% Python Tl 25 E S DI 2B LGB OIER 21T
VY, Choregraphe & KIEN D7 7 U rr— 3 il d B AR
Pepper °SE M D Pepper (21832 R HI14H, BEEIHIE, ZH)
T % E R DB 2 I Lz, 2020 4REECIE, 2019 42

DOWENIIN Z T Processing-Python Z{#i [ L 7= /[ #i{L 7 v 7
T ADOFEREZLD, T=A—a 05727 — b % "hE
2T B0 0T LEFERLEEEONE, BIOEROE
ATV, B SE M L.

4. YIS

AHTIL, Stage I THAMBHY LIANFIZOWTHENTZ
L7z, KEMGR Ay PORREE LARNS, riy ot
RERHIFERIC BT 2 MR E HIC DT 5 Z LN TX, kkx e

SEEHAETHZ LR TE. —FHT, A AmMT R
v NAMBERRTIE, Bix BB AL, 8% EhL
T&E. 2660k b, BEZ2ERAE - REEERTICER
THZET, Ry B AMETTIERL, ICT AMERKIC

LAY A LN TE .

SHOBRLE LT, £oRy MBI 72 555
Ry hORREETHOTIERL, KEHEE Ry M
T BB A R 5 2 &, T ECTIERL
7z Ry b - ICT AMERE % RTC-Library-FUKUSHIMA
IR ART 52 LT, #ETHEBICER Y b, BX
OVICT Hiflia 55 X 9 BB A L7 E B X T D

CL

Stage I 7 H | &fi &, BRASHET A ¥ > 7k, AStt
FSK fRICIT RAERBMERIC2 0 £ L. F2, KEdEaR
v MR LOAM B AGRE S ICBb > o X TOERRIC
DB RILE L EFET.

X [

E2 Spider, http://www.aizuk.jp/spider.php,
KINOVA Gen2 Ultra lightweight robot,
https://www.kinovarobotics.com/en/products/gen2-robot,
2021/02/15

(1) 77 A H:2021/02/15
(2)

TI7EAH:

69

(3)

(4)

(5)

(6)

(7)
(8)

(9)

(10)

an

(12)

(13)

(14)

15)

(16)

a7

(18)

(19)

(20)

1)

(22)

(23)

24

(25)

Kinova Grippers,

https://www.kinovarobotics.com/en/products/accessories/grippers, 7 7 &
A H:2021/02/15

WRS2018: SEEXICARAEMERERTALI T v L > 2,
https://worldrobotsummit.org/wrc2018/disaster/standard.html, 7 7 & A
H:2021/02/15

Choreonoid 7"—A-X—, https://choreonoid.org/ja/, 77 & AH:

2021/02/15

Keita Nakamura, Kenta Tohashi, Yuki Funayama, Hikaru Harasawa and Jun
Ogawa, Dual-arm robot teleoperation support with the virtual world,
Artificial Life and Robotics, volume 25, pp.286--293, 2020.

NewTek NDI SDK, https://ndi.tv/sdk/, 7”7 & A H:2021/02/15

Jun Ogawa, Syota Seki, Ryuya Ninomiya, Yuki Funayama and Keita
Nakamura, Soft Material Gripper for Extending Robotic Hand Embodiment,
Proceedings of the 24th International Symposium on Artificial Life and
Robotics (AROB 24th‘19), GS22-1, 2019.

TR A w7 Py A —T7 JapanOpen2019 Ffif] L A X = —FEHK
V=7,
https://sites.google.com/site/robocupjorescuerobotleague/japanopen2019-
nagaoka, 7 7 & A H:2021/02/15

EIGEOR, AR, EEER, PAER, ROB—, sk
S, RT I RAT=TIZL DML AF 2—mhy A7 LB%,
20 [EIGHA EH BYESEE Y AT A g T 7 L— Y 3 VERTRES,
1D1-08, 2019.

WRS2020: SEEXISEEMRERHE T ¥ L2,
https://worldrobotsummit.org/wrs2020/challenge/disaster/standard.html,
77 & A H:2021/02/15

i 7 v —7 1R v 1 (Spider2020),
https://www.youtube.com/watch?v=vYr9RpxOrac,
2021/02/15

Yuki Funayama, Keita Nakamura, Kenta Tohashi, Taku Matsumoto, Akira

TI7EAR:

Sato, Shigeki Kobayashi and Yutaka Watanobe, Automatic analog meter
reading for plant inspection using a deep neural network, Artificial Life and
Robotics, https://doi.org/10.1007/s10015-020-00662-y, 2020.

WRS2020 H Y #HAFHAT,  https:/www.youtube.com/watch?v=oN-
p8mSIM3Q, 7 7 & A H:2021/02/15

PREER, WEMER, wERRy b7 AT 4= NG R E
B U7 G B e oD 72 0D 0 8 AL 22K (2 B9 2 PERB AT AT R 5k T2 it
&, H21 FEHA A B R S R T A 0T 7 b= g PR
2, 1A1-03, 2020.
127 7 B SERISIC
DO TEREFRFNAE |
https://www.meti.go.jp/press/2018/05/20180530001/20180530001.html,
77 & A H:2021/02/15

OpenRTM-aist, https://www.openrtm.org/openrty/, 7 7 & A H:
2021/02/15

PRTER, B, SRNIBANE, RABJIIRE, SHKFEToOmRy b
HREFERHEE R, vART 47 X - Ah b r=27 X5 2019,
2P2-N09, 2019.

T2 Ty =TS, https://www.youtube.com/watch?v=iXbWn-
TIR4U, 7 7 & A H:2021/02/15

alb A/ A FikEE,
https://www.youtube.com/watch?v=CuCbcuw3MaA, 7 7 & A H:
2021/02/15

RTC-Library-FUKUSHIMA, https://rtc-fukushima.jp, 77 & A H:
2021/02/15

The 1st International Joint Symposium on Practical IoT and Robotics

CiEMEND ARy b OMREE T 572

Education, https://sites.google.com/view/inspire2019aizu, 7 27 & A H:
2021/02/15

PRTER, TS, SRIBANE, fex KRB, EEAE, BRE, AR
v MAMERE BRI E LIZRERn Ry 7w /T v 7E O
F&, 5520 FIFHA A B SRY AT LA T T L — 3 PR
2, 1F4-02, 2019.

Training4RobotEngineers, https://github.com/RTC-Library-
FUKUSHIMA/Education/tree/master/ Training4RobotEngineers,
H:2021/02/15

BAREEAL T80EF - AMER) | @A/ X—var - a—A M
18, https://www.fipo.or.jp/activities-education, 7 7 & A H:2021/02/15

TR



4.5.

DOaRy b7 T KOBAFE

DHRT: EESEE X —

KEMIA~OBEAEZ B L7- 3 WAL & KR o7~

i

BEEL . ABFZE ClrI g ks ECr Ry MR ARENICKEE) - AEEZIT O OICA A L7225 3 Ikt HiKAE
RFIEDOHE L | T OHN A = FE#NO bR TEL Ry N7 77 ROBFE A Ek L7, F51Z 3 kot
HIXZ>WN Tk, LIDAR SiBE+H A T {6 2 Gk U7z Rtk 2l & 3 on AR & Bk 2 FiE 4T
S, EDOBRDIZDIZMEIRNT A =2 28T DR F v ) 7 L— 3 U RECOWTHIEE
1ToTm, F7o, EBZuRy b7 77 NI LIZHIKT —2 2 HWize Ry hoBEBEI G FEE T 72,

1. #5

HIEPUK T L D L AN, B OMEAAE LTV D
T U T, KL KMV T, — RIS AR RNE O F
EILECRBNEEN A 1T 5 OITfEEEE> O T, vl &G
MAT2FERHHINTND, ZOEE, vRy hOEEERIEN
WL 72 BT, B HMSE CIE RIS AL E S bR
ESh, vy NAGPEEMNICEE - 5T b EE
ns,

aRy NOAEBINCE LT, vRy FHERS E 2D
LR L7720 (B OALEHEE) | FEY 2 305 L TR ik
ERELIZVTAH-01C, vedhy SAERHEET Y 7 OHIX
BERAEETHALERD D, ZOHKT —213, FTHERZELT
V% SLAM (Simultaneous Localication and Mapping)7 /L= Y
ALEEH U CTHEMATEETH D, SLAM IZ L 2 HI AR E—
Welo o A Z HEHRC L —3 & % —(LIDAR) O I R i BT — ¥
FHWTITh, Brh—2#8# Lz aRy FOBEIRREKIC
Wole 23 RITOHIK &, BOMEHETICL 2Ry MR
ERDLLINTED, TOBE, I ATHEIBIC L - TELN
i [e.g., [1]11X. AIEHRE OB EL SO0, RN RIE
HETHD, HKARKFE S I A ZHENICREROND, —T5,
LIDAR @ ST — & 7> 513, I FEEE & JIEEEBH IS U
JEIE DK % AERR FTRE C b 2 Die.g., [2]]. ElEHE 723
BT COMMBEE DR, SEEHIECIX, T RVEORa
e EORBEHBRE N TRIESND DT, DX EMgAr—
VT, DIORWIiRERE & BB O O AlE#RE b o7 3
Vot 2 £ L. FIHT 2 HPEEND,

Z T, ARBFZETIE, Wi —OREEIERT 520,
LIDAR O F#ET—% & A ZEBm G EFIA L 3 ko7
— 2T a—Ta UHIMEART D FIEIZOWNTIFEEZIT -
72o F£72. LIDAR O EREE B A T E2 S DE D202,
aRy MIE#E L7- LIDAR &7 2 & v —OMRHLE %
RINTA—FERETDUERD D, R TIE, D3
TA—ZEPET DD DORERF Y ) T L—a U FiE
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IZOWTHREEIT- T2,

—F, REHETIE—F0oa Ry hOH TR, UGV R
UAV EDOEE O v R FAEEE LT 2RI iR R OEES
TOELEELRD, ZORE, FuRy FHEF L ICHIKEE
L. BIEIC BEBE 21T 2, @ESLBEOm Ta A )Y
IEFICREL RDENBESIND, £ T, AFFETIE, FF
SKHICER GO Ry M 1 SOOI Z L L, E##E LB
ARE) - (EEA LT O EEEIBLTC, A T4 LT
WXL E HKFHZRRET 2Ry NI T T RV AT
L OB S ENE Lz,

AWEETIE, 25 2018-2020 FFEICFEE L7

*LIDAR+HI AT F v VT L—va v
C3RITIEIRT — 2 72—V g VHIK DO ARL
cHEFF DRy b T RURT A

OHFFE « BAFRIZ OV Tk 5,

2. LIDARtAAZF¥YTL—3>

LIDAR JSBEE I A TG DT —H 7 2—V 3 IZiE, B
WCBEL DRI A= R Xy ) T L—a ULRET
HUHENG D, AT —~TiE, LIDAR+ T AT ¥ ¥ U7 L—
VarOpMiFEE L KEEALF YY) T L — 3 LIEIZOWNT
DML %E FEh LT,

(2-1) B

AMFFETIL LIDAR s & [RIRFIZIRAG U720 A TGz
E LT, I ATHEGENHEREEC RGB %5225 2 LT,
T—H T a—Vara{trd, ZOKE, LIDAR & O HEEEE
(x,y,2) L I A FHEIRD 7 B IAf(u, v) T,




DR CTEFZEST BND, 22T, KA TR AT A—H
T:H A THERT A— 2T D, FiC
T=[R t]

R:FHEATHI, ¢ : ZBMATHITH Y, LIDAR & U A Zilit 4
— ORI EERT, I A THH AT A—21L, {50 T
Ty H—AR—=FFr V7L —2 g VTR OVBRETEHDT,
BT —<TIEH A TIERNRT A—F DREICEHT D,

(2:2) Fik

B A TR RT A—HTiX, LIDAR &4 AT D5, [A
—OWIE (Xx VT —Ta R FHEL, SBEEERIC
BELT, Fr VT L—va  Re B ThbEs Lo
LCHRETE D, AFETIL, LIDAR+HI AT Fx U T L—
va vl 3WTTHRAROT-DIZ, K1 TRTHEERR Y b
VAT LRI LT,

XK1 BEIRY AT A

HBH IR > b TiX 3 kot LIDAR(Velodyne VLP-16) & ZED
AT VAR ATEHEHLTEBY, HIEAPC 2#EH L THRE

EREBSERNS, FFICT — 2 2BET 5 ENARETH
b, Flz, B —L PCIlIANy T U —TE#EILTEBY, A
B RT7n—r YV AT AE L TCRELZHETX 5,

(b)

H2xx¥ 7L —arR—F
(a)Eifg 5 —# . (b)LIDAR #iFET — X

INETOTEZRET DX Y V7 L—a UFETIE, F
= v H—R—F[3]. HRD I —[4]. = - A DR— F[5]
B BRa RV T L —va U EBER SR TE R, AT —
< TlE, K2R T & 5, Velas et al. 2014)[6]5% TRESN

MEzGYHEnieR—RFexy V7 L—a UERICERT
éo%Kﬁéﬁ~FKka¢H@2&4ﬁ@H%@U%<
ZET, M E LY ABICL, KEHFAEASORIKER L
TW5, B 2@ 7T HEGH ORER— Ko MR
OpenCV @ Hough Z8#1Z XV 170>, (b)IZ/”R 9 LIDAR mEET
— & O ICIE RANSAC[7]1 & i L 7=,

(2-3) FHEFEDEET

FROE DT, xRy VT L—v 3 UREBBEEIN
TWb—F, EOFENEETH D00 BEMRFHEIXR?
F3TA SN TR, 2T, AT —~ Tk, —RICH K
B OB TR E A X5 F-measure @aﬂﬂﬁff%%l
L, ¥x¥ V7 L—va rORIZHET DI FELRBLE
[8]e ZDOFETIE, B3 ITFTHER— RORNC 3 OHRE
R—FEREL, 7—F 72—V a VORBRTRELAMNE
3 WRICREEDO DR ILEZFTMI AN D

(a)

X3 ¥y 7L —g VAR — R

(a) WitgT—% . (b)afh 3 koTakE

X 3(b)23 LIDAR+H A T %% U 7 L—3 g U nbikbizh
AT NT A —2 & LT, LIDAR s HEERIC
L. K3@0ik, BOR—FREETLE-AMNE 3 RITAHE
R, ZDOFE. F-measure I

2 X Precision X Recall

F — measure = —
Precision + Recall

procision — TP
recision = TP n FP
Recall = —F
et = TP Y FN
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TH S 4L, TP(True Positive) & 3 B D ARt — RO IREDE]
4 . FP(False Positive) & F R — RN HIZFRIRE SR G OE
£, FN(False Negative) & Rt AR — RHIZFARE Sh-AfaD
HEL L TERT D, 2T, BRBEKY, 7—F 72—
a UMT RIS 1.0& 7%,

4 TlE, @&V F-measure & VY F-measure O A G %
RLTEBY ., M OKEDSHBEBRIZEE L7z LIDAR O i
Bard, K40nbid, BEHELE VST, LY F-measure
HE <72, &Gt L7z F-measure DDA ZNITHERE L T
LHEERLTVD,

F — measure =

F-measure=0.8507

F-measure=0.2422

4. F-measure DEBRIZ LA REFRLET —F 72—V
VHEROE N

(2-4) BEHEY)ITL—2 3 0R— FOERE

KT —< T L7z F-measure DFEREE AVWT, e v
U7 L— g R— ROBEICOWT HIE L7Z, ZOfE L
Y. Yamadaand Yaguchi (2020) [9] Tl&. #EEHDOR— FA&HH
TROENBVWTEHIDICAD THLFEARLTND, iz,
Yamada et al. (2021) [8]Cit, ¥+ U7 L— 3 VEFTOEL Y
=B O R — ROBERHY, 77— X 72— a %1759
WOMEIZ LY B DF 2R LTz, T70bb, iIE< OMIRICRE
LTEA— REEIZBW U Toled Y V7 L—ra UsHE )
THY, mSOMRISH LTEEL ICBWER— KTy U 7
L—2a VETOEPA THLEERE LT,

FIZT, MSITRTESIE, 3HDFXY Y T L—va R
— R% . (Case-A)&=TCTE > —n5 3.0m OFEEHIERE L5
A &, (Case-B)3.0, 1.5, 2.0m D HE7p 2 HtCERE L-HET
F-measure 28 ED X D IZEIR BT OV T HEAANT, 6 1z
5 OBELEIZ%T D F-measure DFHERE R4 RT, = Z T,
X 3R TRHMEAR — Rix ' —0 5 OfERE 1.0-3.0 m OF
TO0.5m T OEEE A x| K3 5 F-measure DfE % 7R
LTW?, M6 LV, sHMliA— FOH 5 BRI LT,
Case-B O 5 TV F-measure & 5T\ 5, BLENS, K
T~ T, HEOX Y ) T —v a3 VR — REkkx 2R
BEICHLE T D2 &M, BWH A TIHRNRT A —X 55D
B ThHLEEEENRTENTE T,
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[Case-B]

M52o005—RCBFHF¥ VT L—a v A—FD
B, (Case-A)3 DA — K% 3.0 m OALEIZHLE,
(Case-B) 3 DR — K% 3.0, 1.5,2.0 m ONLEIZBLE,

1.1
—m— Same Distance

LS —e— Different Distance
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HEZE : In Stage II, we developed new communication modules based on MQTT, AMQP and MQTT-SN to build
IoT systems using RT-middleware. This will allow RT-middleware to be used as a seamless development

framework for IoT systems, which are complex systems that include robot systems. This report presents the

characteristics of each communication module and examines the adoption criteria for each IoT communication

module in order to optimize the IoRT system. Among these modules, MQTT is a simple protocol that is easy to

implement in the field, and we were able to apply it to the development of an actual system in Stage II. In the

future, we will go beyond the framework of RT systems and aim to construct an IoRT system based on the

cooperation of heterogeneous systems using the next-generation OpenRTM-aist.
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TN, DFD | WEA LV F 72— FrARy R AT
LHICHFHEFTRETH V| ToT Y AT AHIZHFHMEFTRETH
B, INOORRDMEA LV H T = — R &[RRI 2 72 RTC
IX. Gateway & L THBEHR VAT LEORIEHEEHC),
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T IoRT ¥ A7 LAk a2 REATREIC 2 D,
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12090 [oT i@E 7' 1 b A2 _R— AT FESNTND, 20D
M. A)D Python R MQTT BEEY = —/LEY —RAa— & R
¥ =2 A M GitHub U R b UICTAREARTH LM, 20D
OMWEE Y 2 — LB ABRAR L TS TEL 2> T D,



(2:1) loT BIEEP 21— L DBEEHEE

RT X N =7 EC 0T #EEY 2 —/L&#HA L7z RT &~
AT LOBEHIE % Fig. 1 173, A)~C)D IoT BfEEY 2 —
JUIE, Message Broker ff& DA v —T v 72T NERHA LT
WA, D THEE LT D, Message Broker & D X v &
=YV T, AvE—VREEEERBEEOKR I TAT b
23, A=V OHkY—/ 3T 5 Message Broker [ZHEHE L,
Message Broker 18 L T2 74 7 2 META v2—URMAELT
9, 725, Message Broker [fE DA v & —T 7Tl 75
AT oY —nRpaxsa yEBFHTHILT 7T
A7 v b - H—3 (Broker) [H D7 ME(E % FIHEIZ LTV 5,
D=, 7 T4 7 MENAT (Network Address Translation)
HREDONIN O 7 — A VERBEIZ 8 > T | Firewall IZTA /3
Y REEAHRENTH TS, b= NI TR RIS H
TUET TA T2 MNEADOT —ZEZFIINALT D, Bl IEEE
LZEEOE I FAT VIR LOR =Ty NT—F
(28> TH Broker Z#H L7z A v —UZMUIFTRE & 72 D,
ZOXHIT T BEEY2—/ME, LT —Z DE%E
ST —HKR— hEA LI RIC Bo#RE R L, (¥ —
F v b RICBT B AT MEEEOR FICE ST 5,

B—s%)

Message Broker
71 ;
£ =
NATJ)WM ! \‘ (w DHE
\
\

or Firewall ff\ / (W or Firewall
‘/‘/ ] \

RTOAVIR—Hk RTAR—%b

Fig. 1. Communication architecture of RT system with IoT
communication modules.
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Fig.2.  Standard Components of IoT Systems.
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Table 1.

Feature comparison among MQTT, AMQP, and MQTT-SN.
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Abstract: Robotics engineering is gradually becoming an essential part of our daily life. However, it has been

generating Big Data and seeking high computation costs because of the diversified sensors and processing

requirements involving heterogeneous robotics and their workflows. Therefore, cloud computing has become the

incumbent platform for robotics. Then cloud robotics becomes a preferred and leading research area in robotics.

Moreover, the Fukushima robotics test field facilitates the research and testing works of heterogencous robotics

researchers. However, it does not possess an adequate cloud platform for heterogeneous robotics—the reason

mentioned above causes duplicating data handling workloads and hinders smooth operations. Therefore, we

proposed a cloud robotics architecture for heterogeneous robotics. We also observe that workflow scheduling is

one of the critical requirements in cloud robotics. Consequently, we have been working to propose a framework

for cloud robotics workflow scheduling.

1. Introduction

Global robot market, which combined industrial and non-
industrial (domestic and personal) robots show average 30% growth,
and forecasts the demand will reach to $ 209 billion by 2025.!
Meanwhile, the demand for the industrial robot market has
increased by 61% and non-industrial robots demands increase by
52% compared to the 2017.2  This implies, that the robotics field
shows exceptional growth in respective highly diversified industries.

Robots involving highly diversified use-cases involving
diverse industries (such as aerospace, consumer, disaster response,
education, entertainment, exoskeletons, manufacturing-industrial,
medical, military, self-driving cars, telepresence, and underwater)
and processing requirements are called as heterogenous-robotics.
Therefore, considering the increasing demand for the
heterogeneous-robotics and their exponential growth of the demand
for the research and developments, Japanese government
inaugurated world first and so far the only all in one public
heterogeneous-robotics testing field (RTF) at Minamisoma,
Fukushima, Japan, which is named as the Fukushima-RTF and it
facilitate research, development and testing works of heterogenous-
robotics for international researchers and industries. Fig. 1 outline
the services providing by the Fukushima-RTF.

Heterogeneous-robotics are equipped with diverse sensors, and
they have been generating enormous data which has been used for
diversified use-cases (robots and processing requirements)
involving various stages of the robotics workflows. Then cloud
computing becomes the refuge to address such high volumetric,

! www.statista.com/statistics/760190/worldwide-robotics-market-revenue
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velocity and variety (3V) of Big Data involving robotics workflows.
That implies cloud-robotics (CR) and CR architecture have been
playing pivotal role in the robotics domain. Therefore, it is essential
to establish an all in one platform for the heterogeneous-robots that
caters heterogeneous data processing requirements, such as data
lake (data acquisition and maintenance) and diverse requirements
of processing including analytics of the wide range of robots in
Fukushima-RTF. This implies that the due complexity of end-
solution for heterogeneous requirements of CR becomes the
system-of-system’s (SoS).

Moreover, the CR platforms and architectural solutions are
common and trending in the field of CR. Therefore, we have done
thorough study in literature related to the platforms and architecture
for CR platform. For that, we studied existing architectural works
under five levels (L1 [1]-{11], L2 [12]-[19], L3 [20]-{37], L4 [38]-
[44], and LS our work with [45], [46]). L1, L2 are system
architectures (SA) and framework solutions before and after 2017,
L3 is reference architectures (RA) and framework solutions, L4 is
RoboEarth and Rapyuta projects, and LS is literature works discuss
about beyond Industry 4.0 next generation CR. According to our
requirements, we studied that architectural design process (ADP),
provisions for industrial evolution (PIE), and provisions for secured
heterogeneity (PSH) are the three of the most important for
heterogeneous-robotics platform. From that we learned, there is a
considerable gap in next generation works studied ADP, PIE, and
PSH altogether. Moreover, top-down (model based) architectural
design process is laying solid foundation for the sustainable end-
product of the SoS. Therefore, we employed the top-down design
approach. Moreover, vast-majority of them are dedicated for a

2 ifr.org/post/market-for-professional-and-domestic-service-robots-booms-

in-2018



domain or specific user-case. In addition to that, architectural
solutions for the heterogeneous CR platforms are limited compared
to the CR platform. Nevertheless, our objective is to establish a next
generation CR platform for the Fukushima-RTF, which caters
heterogeneous-robotics requirements. In addition to that, we
observed that even though those followed top-down architectural
process ad-hock architectural design policy is the key concern of
both cases (CR and heterogeneous CR). Then those solutions are
not possessing an adequate modelling. Therefore, those are
suffering inherent drawbacks of ad-hock approaches, which are
strictly domain specific, moreover customizability, adaptability and
extendibility are minimized. To address these concerns, we propose
a modelling for our architectural design process. That means, our
solution is model-driven next generation CR (MNCR) platform
(MNCRP).

Moreover, due to the complexity of diverse CR requirements,
the total solution of the MNCRP becomes the SoS. Nevertheless, it
needs unified architectural framework (UAF) approach for
assembling systems in the SoS, i.e. MNCRP. These systems are
called as the modules of the framework. In addition to that, the
complexity of the MNCR architectures leads to limit the number of
available solutions for the heterogeneous approaches. The RA is the
one of well-known approach to address the architectural designing
issues of SoS, which are technically large and systematically
complex problem domains. Therefore, to alleviate the constraints in
architectural designing process, first we propose an adequate
modelling for the MNCRP. We employed S. Angelov et. al. design
principles of proposing a modelling and adapted with necessary
extension. The proposed UAF is derived based on abstract
normative and non-normative perspectives. Here we called the
abstract normative view as the RA for the MNCRP and the abstract
non-normative view called as the abstract SA. We employed
ArchiMate to develop the RA. We are the very first to propose UAF
based SoS, which is MNCRP for the CR.

In addition, we observed that heterogeneous robots’ workflows
involving cloud platform are experiencing scheduling concerns due
to the various QoS (price, time, throughput, latency, availability
etc.) constrains in optimal resource allocation. Whereas, CR
workflow scheduling (CRWS) is essential in cloud robotics
domain for smooth functioning of the robot. Network
frequency vs delays shows highly stochastic phenomena.
Moreover, deterministic scheduling is the well-known NP-
hard, while stochastic scheduling becomes the PSPACE-hard
problem [47]. Therefore, first we study on the nature of robotics
data communication across the cloud platform. Then we observed
that the robotics data communication shows unique stochastic
awareness with respective to the communication protocol,
bandwidth, and tasks involving robotics workflow. To the best of
our knowledge, this the very first fundamental observation in both
data communication and robotics. Then based on that fundamental
observation, we have been working to propose QoS aware
stochastic workflow scheduling for the CR.

Section 2 discusses RA for the MNCRP. In Section 3 gives
summary information about the survey for the architecture for CR.
Section 4 briefs the CR workflow scheduling. Section 5 conclude
the article.
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2. RAfor MNCRP

This section briefs the proposed RA for the MNCRP. We have
detailed modelling for the RA of the MNCRP [48]. Fig. 1 shows the
proposed RA.

We employ ArchiMate modelling tool to device the normative
representation of the RA for the MNCRP. The ArchiMate is open
and independent enterprise architecture modelling toolkit to support
the description, analysis and visualization of architecture within and
across business domains. The normative MR contains three
main layers, which are physical layer, infrastructure layer and
Analytical layer. Here below we give brief introduction about the
respective layers, components, and connectors. All the main and
sub-components of detailedness, concreteness and representation
are defined as respective semi-detailed, semi-concrete and semi-

formal manner.

The physical layer: This layer maintains heterogeneous-robots
and end-users of the MNCRP. End-users described in scenario 2
dominate in this layer. All users will use same MNCRP for their
heterogeneous CR requirements.

The infrastructure layer: This layer dominates by CR-Eco-Sys.
The CR-Eco-Sys comprises collection of framework modules.
Those are compelling to accomplish dedicated jobs and those are
defined in semi-formal manner. DMC, GD-HDFS, MUT, COE, ECB,
MAA-FE, MAA-ME, DTMS, and ISOW are respective framework
modules proposed in the CR-Eco-Sys.

The analytical layer: This layer is responsible operations of
MAA-BE. The ASC is responsible to automate all data science
related workflows involving the analytics in the MNCRP.
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DTMS = Digital twin modeling and simulation, DMC = Decentralized multicloud,

MUT = Middleware for adapting utility technologies, COE = Container orchestration engine,

GD-HDFS = Geo-distributed Hadoop distributed file system, ECB = Extended crosschain for blockchain,

ISOW = Information as service based on domain ontology and web services

MAA = Multiagent for automation, (FE/ ME/ BE = frontend/ middle end/ backend) ASC = Automatic service composition



The DMC: This is responsible to maintain the decentralized CR eco
system of the MNCRP. The DMC comprises edge, fog and central-
cloud as three main sub-components.

The GD HDFS: This component maintains fault tolerant geo-
distributed Hadoop distributed file system facility. That provides
provisions for cost effective (due commodity hardware, filesystem
shares the hardware with the computation framework as well),
scalable, resilient to failure (bounce back effectively) and fault
tolerance (operating without interruption) data management.

The MUT: This component is responsible to adapt required utility
middleware technologies including ROS and tools involving CR to
the GD-HDFS environment.

The COE: This component is responsible to manage
scalability of end-user’s custom environments (container
orchestration) across the geo-distributed DMC
environments.

The MAA: This is responsible to manage automation ability across
the platform. As a summary, it will act as interface agent and take
intelligent decisions. To ease the operational and characteristics of
the overall process, we have divided MA4 module in to three sub-
components. The front-end operation of the MA4A4 manages by the
MAA-FE agent, the middle-end operation manages by the MAA4-MFE
agent and the back-end operation manages by the MAA-BE agent.
The MAA-FE responsible to deal with all requests are coming from
the physical layer. Moreover, it activates adequate waypoint of the
MAA-FE agent and drives that request to adequate waypoint of the
middle-agent. The MAA-ME is responsible to automatically
manages that given task across the components with respect to their
request’s inputs and outputs. Then MAA- BE is responsible to
automate required analytical and data science requirements (Big
Data analytics, deep learning, or machine learning) if it requested
such requirements by the MAA-ME.

The DTMS: This component is responsible for digital twin in the
MNCRP. It allows users to prepare digital models of physical
materials and robots, which simulate and analyze them.
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The ECB: This component guarantees the secured cross
communication within components (intra) and systems (inter). It
employs extended Crosschain of the Blockchain technology.

The ISOW: This component is responsible to provide guaranteed
privacy aware information management in the heterogeneous CR
platform. The ontology knowledgebase and web services are two
main provisions proposed to use.

The ASC: This component is responsible to automate all analytical
requirements included data science of the CR of the MNCRP. This
is an extended work of the automatic service composition [49].

3. Survey: Architecture for CR

This section gives summary of the survey of CR architecture.
Table 1 shows the matrix we used to conduct the survey. Fig. 2
shows graph representing summarized survey.

Fig. 2 shows the literature works distribution in three dimensions
with respect to the ADP, PIE, and PSH. MNCRP is the only works,
that contributed most to both PIE and PSH. And with respect to the
ADP, MNCRP is only behind the L. Gherardi and D. Brugli [37]
contribution. They provide adequate ADP for both RA and SA while
we provide ADP modeling for the CR domain as well as do not
possessing adequate PIE and PSH. To the best of our knowledge,
we are the first to propose modeling solutions for RA and abstract
SA views of the MNCRP.

Table 1: Sub-Dimensions of ADP, PIE& PSH and Marks

SCORES

DIMENSION

Adhock | Either SA or RA | BothSA & RA
s architeeture AT &
ADP No architccture RA or SA with modeling |  with modeling UAF grid

No provisions Limited Adequate Adequate Discussion
PIE for Industrial provisions for provisions For | provisions for for
evolution Industry 4.0 Industry 4.0 Industry 4.5 Industry 5.0

Cloud security | Cloud security
Default cloud | Cloud security provision for provision for

PSH security provision rovision Industry 4.5 Industry 5.0
No mention about iy P ! try ‘ ry

Heterogeneity

L1: SA & Framework before 2017

L2: SA & Framework after 2017
* L3: RA and Frameworks

L4: Robo Earth & Rapyuta related works
» L5: Works related to Industry 5.0

43 4 I

Architectural Design Process (ADP)

Provisions for Inudstrial Evolution (PIE)

Fig. 2.

X Vs Y vs Z: ADP vs PIE vs PSH



4. Architecture for CRWS

This section elaborates brief overview about the proposed
solution. Subsection 2.1 gives brief overview of the nature of the
robotics data communication. Subsection 2.2 briefs the proposed
framework for the CR workflow scheduling.

{4.1) Nature of CR Data Communication

Fig. 3 shows the graph, which represents the data packets vs
communication protocol. We used the data provided by the Yoshino
et. al [50]. According to the Fig.3 we learned that the CR data
shows identical data communications patterns, which are stochastic
processes and those depends on the communication protocol and
modes of the data. According to the further investigation, we
learned CR data patterns involving stochastic processes are heavily
correlate with tasks involving the workflow and bandwidth of the
communication facilitated as well. This is the very first unique and
fundamental observation.

{4.2) Proposed CR Workflow Scheduling Framework

Moreover, real-world cloud robotic user case involves two
layered processes, which are communicating with geo-distributed
cloud environment. Edge-cloud becoming preferred cloud platform
for the mission-critical CRWS requirements. Nevertheless, CRWS
has various non-functional property (NFP) requirements, such as
some process needs higher processor, GPU and RAM performances
while some of them need more disk-space with specified software
requirements such as Hadoop. Therefore, it will be definite good
practice to segment (for partitioning the workflow) the workflow
based on NFPs (constraints) of the CRWS. Therefore, in the CRWS,
it’s better to consider, communication protocol, and task awareness,
QoS-aware stochastic scheduling, NFP-aware Rule-based
workflow partitioning, and two-layered edge cloud geo-distributed
environment. Fig. 4 depicts proposed geo-distributed two layered
architecture for CRWS.
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5. Conclusion

We proposed comprehensive modelling for RA for MNCRP
which is based on SoS of UAF. When it compared to the existing
works, it shows that the proposed method is reasonably addressed
to our problem domain and achieved our research objectives. As of
future works, we are working for the completion of the UAF grid,
which comprises end to end ADP to the implementation plan,
scheduling work for the MNCRP and finally commission MNCRP
for the Fukushima-RTF. CRWS perspective, we are working to
propose stochasticity aware CRWS technique and conclude the
research.
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Abstract: National Institute of Advanced Industrial Science and Technology has collaborated and supported robot

software-related issues in the subsidized project "Industry-Academia Collaboration Robot Research and Development

Support Project" by Fukushima Prefecture based on our technical consulting scheme. This project is a distinctive project

focusing on robot software that takes advantage of the characteristics of the University of Aizu. This paper gives an

overview of the current position of the project in robot technology research and development in domestic and the world.
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