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Abstract For cooperative intelligent transport systems (C-ITS), vehicle-to-everything (V2X) communication is utilized to
allow autonomous vehicles to share critical information with each other. We propose AutowareV2X, an implementation of a
V2X communication module that is integrated into the autonomous driving (AD) software, Autoware. AutowareV2X provides
external connectivity to the entire AD stack, enabling the end-to-end experimentation and evaluation of connected autonomous
vehicles. The Collective Perception Service was also implemented, allowing the transmission of Collective Perception Mes-
sages (CPMs). A dual-channel mechanism that enables wireless link redundancy on the critical object information shared
by CPMs is also proposed. Performance evaluation in field experiments has indicated that the E2E latency of perception
information is around 30 ms, and shared object data can be used by the AD software to conduct collision avoidance maneuvers.
Dual-channel delivery of CPMs enabled the CAV to dynamically select the best CPM from CPMs received from different links,
depending on the freshness of their information.
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VIT ARy ZDA—F Y —RFEHIZ, RX R T7a D AV
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PIRIBT 2 ITS A7 —>ary7—%727F v [3],[4] &, B4
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TLART TV — a YHIRESNSYENR, — F & ITS 2
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1: High-level Overview of AutowareV2X Use Cases
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VAR —AEBUTERS 70 ba L BRETE 3 EHENR
VX GEfEN —REELFRHBEIATORWE WS REPTFET
3. FDld, AFETIE, V2X EY 2 —/L [AutowareV2X] %
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3.1 RT—ZEUT 1 R4

BIEDZ L O V2X {ERY AT AT, BEEIEY 7 b <
TREy ZNDERR B EY 12— LFRNEIUTHER R 2 24t
TREMNL— R =L T—f VR =T =2 4 ZADPEHI LTV
7z, 2O XS REGETO%E, S Ot eREE T 5 —
V7 HIEEEY 2 — BB ELRoTWE 8, FU
V2X V— 2 —OEFZ RO BIEIREY 2 — 127 ) 7 —
avhHETRIeBREEL Ko TV, N=FRY =7 %%
RANCTERA T 27201213, BEEEREY 2 — L 2 AER N 2
BT 20y b7 —ZERSIEY) D BEUAATRERBRRE S IC i o T
WEREDRH L., 5 TE, BRoOBEEELE Y Y r—> 3
VBRI Y VT =74 VR =T 24 ABLICHER EET B
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V7 727 L BESR V2X L— &R —FHWE I ickh, R
r—=ov VT4 eiREERb EDbE TS TN
TZE7.
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V2X DEEMIE, T TIRRORPHAR Y T EIELRDOD
MHIESNTNS. V2XBEL— X —h 4 RBEEE T TIEL
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RE T A7 L TlE, </ F RAT (Radio Access Technology) /5
KEHAL, CPM EFBIHHT 2ERIC2Fr 2L v
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-Gl
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V2N

4G /56
Nloblle Network

X 3: CPMIZBII T 4 7LF v 2N K 2 EEHES AT A

DRAEEZFEZBETVWS. ZHUTED, AHDF v > 2T
7y PaARFELEGETSH, CPM OREEBITHINT 5.
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AutowareV2X &, IR BRLTWEA—-T >V =D AD V
T7rU 27 AKXy 7 [Autoware] [1]IZHEE LT, CAV ZEH
TEZ V2XBEEY 2a—LTHE. AEEOZRAT LT —F
T7F ¥ EK 2I1TRT. Autoware |¥, > HD v v
ZHERERAWT, MR, EO6, H, FE> SHIEE T AD
ARy I RKREFEITTE-0DDbDTHS. £/, ROS2 I F
AT 27 [19] ZR—ZAL L TWE770, NEXvt—IJ3e
C Publish-Subscribe 7 —F7 27 F ¥y THEINTWVWET. Au-
towareV2X (& ETSI C-ITS 7’1 + 2L 2 f — b Vanetza [9] IZ5E
SWVWTED, £ —FF vy b VX —7 2 —2%EL T Autoware
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x5,

V2XNode HHEIX, V2X BERA X v 7 ¥ ROS2 X— 2D Auto-
ware DA Y R—7 = — A ¥ LTHREL, V2X EfE1— X2
FERIEAR Y, 704 Y —D%y bV — 7K, CAM
X CPM R EDEMET 7>V 7 4 OEMIX "V2XApp "M HH 5
TW3. %72, AutowareV2X DL — A7 — A B HEIFT 37 7
47— 3> LT Collective Perception Service (CPS) % %
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Algorithm 1 CPM Acceptance and Rejection at Receiver ITS-S

I: TgT « generationTime of most recently accepted CPM

2: while CPM is received do

3: T(’3T

GTD =T, - TgT

if GTD > 0 then
Accept(CPM)

«— generationTime of newly received CPM

Ter = T(';T
else
Reject(CPM)

R A AN

%1, Collective Perception Messages (CPM) D¥(E - Z(5% ]
BEX LTW3. CPM 2/t L THB XN WIREHIZ, BEHI
Autoware @ Perception & ¥ 2 — /L% Planning £ 2 —J/LIZ A
T B ZeMTE, CAV O E2E Bk - iHiliZ rIEIC T 5.

4.1 CPMIZEIIZ3 T4 FILFyRIICEZEEELN

AutowareV2X T X D EHEIED R W CPS 2EH T 272912,
72, 3.3 TIlRZBHFIIHIET 572012, CPM miEIC\W\ 58
Bz 2 F v a0 » 7k R/ 5 <15 RAT (Radio
Access Technology) 7 70 —F% X HICHEET 5. R T 52
>t 7, §7240%5 [Dual-Channel Hybrid Delivery System] %*
3ITRT.

V2X O EBEEEEK (CH1) TO CPM ELE & fTL T, 4G
DX VLELEEER (CH2) THFEL CPM HRE(EX
N5, ZTIT, CH2IX CHI & D s Eno~s v MEER
FEOD, WRESHIRX Y, BIEASEML 2D 56
Waid 3 e ETS. LdoT, CH2 TDO CPM DAL
EHREDE BT 2DEDND 5.

CH1 ¥ CH2 Oi/5 T CPM DEE I NG, ZEHITZ
EL7ZCPM D> 5 ¥k AD & AT LRI AN S 0 %8R
LIz okw. &HO CPM HI&IZH % generationTime
YWI T 4 — L FEAMT S, ZhiE CPM EEEDOMED
DB X N7 R D EMEREZ] T, CPM D 3 X T D R RS B %
DEME22dDTH 5. ZEHKIE CHI, CH2 DWFnh
5 CPM 2325 L7z %, DENZZII AN CPM XD HHL
W generationTime ZHFOLGED A, D CPM 31T AN 5.
Algorithm 1 132 Z O ZFEAR L TV 3.
Time Difference GTD Z A FD & S ITEHKT 5.

Z Z . Generation

GTD =T - Tor )

Dt E T,GT WFHT L K 3Z[E L7z CPM D generationTime %#Z L
TED. Tor RS HEMIZZT ANIz CPM D generationTime
ZRY. IED GTD &, #HL  ZEE N7z CPM ARRITITR
AN CPM LD 8 H LWEHRZEATWS 2Rl A
D GTD &, LD HWHEREZHRFLTWS Z L Z2RT.

5. RIERBER

RILGEFEEBR T, HERFEDOHF v > RI12H 5 ITSRR T A
k74— R TERET 3 Lidar ot 3% —F X 5 2B L CAN

3% 1: Hardware for CAV

Device Specifications

Intel NUC
Model: 11Pro

OS: Ubuntu 20.04, ROS: Galactic,
Software: AutowareV2X

Netgear Dual-band: 802.11b/g/n (2.4GHz),
Model: A6210 802.11a/n/ac (5GHz)

IDY IoM 5G Gateway Bands: 3G, 4G, 5G, nano PSIM,
Model: iR730B 4x high-performance active antennas
Gigabyte PC OS: Ubuntu 20.04, ROS: Galactic,
Model: AERO-15 Software: Autoware.universe
Vehicle Speed: < 20 km/h,

Model: Yamaha G30Es-Li | Sensor: VLP16 3D LiDAR (Rooftop)

3% 2: Hardware for RSU

Device Specifications
. Range: 100 m, Accuracy: +/- 3 cm,
VLPI16 3D LiDAR
Rotation rate: 5-20 Hz, 16 channels
Intel NUC OS: Ubuntu 20.04, ROS: Galactic,

Model: 11Pro Software: AutowareV2X

Netgear Dual-band: 802.11b/g/n (2.4GHz),
Model: A6210 802.11a/n/ac (5GHz)

IDY IoM 5G Gateway | 4G, 5G, nano pSIM,

Model: iR730B 4x high-performance active antennas

Gtune PC
Model: H5

OS: Ubuntu 20.04, ROS: Galactic,

Software: Autoware.universe

DI AT RE 7 HEE SR AT RE/R T (CAV) ARG CTHRE L 72
RSU ZHWTHEMT 5. £/, FAFERIZBWT CAV & RSU
ZRZICTHERT 2BESRERER 1 & 2 1OR7.

RARICKE X7z RSU 250 OMIRE AL, 2 OTEH
% CPM 2 WO THERT 2 CAVICTa— RF v A b T35 F
VA ERE U7z, CAV IEARID &R A MICHEE T 543, Hflld
LEBLT 2578 2 A HlIZEVOBEDORIER TV S 729
GEAIREE), RFMICHAIT 2 Z e TERW. L L, RSU
A H PR EHH L, ZOE#RE CPM %/ LT CAV IZ
HEETEZeHTE S0, CAV I IIFEAEHRZRM UIEHA Y
DOHIEEITD 2 TED. K4 XARFEIFEBROKERERT.
MIRT & 9512 CAV [3H#H LY >4 £ CPM THAE X3 WiklE
WMOMAIC L - T, THETIHMAL INTVWLEHRY, &b
JRNEIFH R T 2 e BN TEB LS.

AutowareV2X Tik{g 7= CPM @ E2E 128 1F % A iHEIE
L ZOMIRER~51TRT. K&D, RSUD AD XX v 755
CAV @ AD R & v 7 IZHIREWAHH 30ms THAZEE Nz, LA
TFYYRRERZ L, 20D L—XBDEELA TV Ty, 13
# 18ms, Wil —X DETRHZEDER 1), 1389 30ms TH S
ehbrole. ZOMRER, Tr, OEITRHEIIK 12ms BETH
HyaZenTE7%.

CH1 ¥ CH2 DA TZE L2 FXTD CPM D "Generation
Time Difference" GTD # X 6 \Z/~3. 7z, CHI T® PDR
(Packet Delivery Ratio) DZ{LZ2RIETRT. IED GTD b0
CPM ZTRTI AT AR E>TRZIFANSLN. CHI ® PDR
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Through collective perception,
the CAV can see the pedestrians
and vehicle behind the blindspot

CA\V receives the CPMs
sent from the RSU

CAV approaching
the intersection.

Two pedestrians and a
vehicle behind the blind spot,
approaching the intersection

Pedestrians and a vehicle
were seen from the RSU placed
in the intersection.

RSU broadcasts :
object information as | Autoware
CPMs 'PC

4: Collective perception scenario using a blindspot
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(b) Breakdown of latency T;.,, T

172°

T,

5: Total E2E latency and its breakdown

MMEFT 2L, CH2 (ALY ITHRR) TEEENS CPM
WIED GTD % RTIEADH 5. ik, Wi-Fi TREEIN
72 CPM 3E W87 v b B RIS 2 72855, 4G TEEE N
CPM 13 X Y Ffet B2 H> CPM £ LT R F A2 X - TIE
IR AN Z e 2 KT 5. LiehoT, Wi-F Fv
FNTAT Yy PAABEZWHEETSD, 4G F v F AL TOR%ZHH
W, LA 7Y 7 MEREZEECRET 2 22 IckIIL
TW3.

74—V REBRICBI BFAT F VA TD CAV OHE ¥ ]
BER 7117, FRREIZRSU 225 CPM AEE SR 0WEE
D CAV DHFEETH 5. CAV IIFHAITDH 2RO, B

Generation Time Difference (GTD) of Dual-Channel CPM Delivery

m |

= WiFi
(=]

—— PDR of Wi-Fi-based CPMs

T T T T T T T T T T T
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6: CHI M 0f CH2 T%1g & #17= CPM D "Generation Time Dif-
ference" GTD

W2 R REMRPBEALTVWS. HHE RSU 225 CPM
MIEEE N, CAV HEAOYIKRZZEFHTE/L 2D CAV D
ETHB. CAVIZ, AutowareV2X 725 CPM ¥ \WHETHAEX
DB LD, FHADERSOBITE L EHD R MISE oW
TWBZ 2T TES. 200D, KEMICAS
AR L, FERIEIE LT, BP0 ICHER T & 2R
TOSK D EEETZ N TES.

6.. % B

AT, HERERY 7 b v = 7ICHARRER V2X l(E
N—ROBERBEHERF L, -7V —A0OBHELEY 7 +
v =7 [Autoware) (AR ZIRHTE 2 V2X £V 2 —
v TAutowareV2X] ZIBE L7, HEE HERERLOFEARBEREIC
mz, WHAED D 2EE{LENTZ V2X X v -V TOEEYR
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CAV detects objects behind
blindspot via CPMs

Objects detected
by RSU

— Wahout CPMS
w— th CPMs

speed [mys)

CAV deccelerates
as anti-collision

CAV accelerates again manuever

once it confirms safety CAV comes to full

stop

*imy 3820 73690

X 7: e[S F U A IZBITF B CAV OFEE ¥ iiEDZE1L

AREICT 2 Z sk b, AR ATEL Y SV —> a3 Y EE
¥, FAEBRTELIRABEER L. 251, WMoy 7
Ny —a yEEELUBRREMX v £— (CPM) 1T X 2iE
TEMOELHFZAIREL L7z, AutowareV2X ZIEH 3 % L AT
FHENL 7R BENEEE I 30 IS UBINTIRET %
ZeWTE. iz, AL SHITESCHBMMARIHETL 5
FVAICBWT, HERICERE S 7R S WEIERE U
FARLMHEINZZICEY, HEBERRETAEE - 5
1B WS fERREREITEI BN 2 & 512/ - 2. IHFHRRAHNCIR &
FTITHRER OO 7 VY r— a D AutowareV2X D
EHbHFEN 5.

BiEE  AWIZEO—E6IE, NICT Beyond 5G WZEHHFEEHE
(#01101) | B URMHE (19KK0281, 21H03423 and 22H03574)
DB EZI TIThI ., 22 RELTEHoREER LW,

X ik
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