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Abstract : This paper presented the construction of a virtual environment for autonomous vehicle experimentation using
various open-source platforms and commercial software. Point cloud maps and Lanelet2 maps were designed based on
autonomous vehicle and real testbed information, which were then used to generate virtual environment maps for the
CARLA simulator. The comparison of the simulation environment with the real environment revealed that the generated
virtual maps provide the necessary accuracy for vehicle position tracking, sensor integration, and overall system performance
testing, functioning as a reliable platform for autonomous vehicle technology testing. The functionality of the open-source
platform and the implemented digital twin environment was verified through various driving scenarios, confirming the
autonomous vehicle's reasonable path-following performance. These results demonstrate that using open platforms, such as
the CARLA simulator, allows for efficient development and testing of autonomous vehicles in real and simulation
environments.
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Nomenclature PCD : point cloud data

: global navigation satellite system ROS - robot operating system
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Table 1 Simulation PC information

CPU Intel i7-13700K
RAM 64 GB
GPU NVIDIA RTX 3090 Ti

Nvidia driver 565.57.01
CUDA 11.6

Y N

Middleware ROS 2 (Galactic)
A V' 4
(@ Y ™)
Operating =
S Ubuntu 20.04 (Linux)
. A 4
(G Y )
Hardware
(cPU) Inteli7-13700K
(GPU) RTX3090TI
. A 4

Fig. 1 System configuration for experimenting with auto-
nomous driving open-source platforms
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Fig. 2 Screen examples of package carla and source code
carla

2.3 CARLA - ROS Bridge
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Fig. 4 Autonomous driving system test environment with
carla simulator and autoware universe
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Table 2 Configuration sensors for real-world mapping

LiDAR Ouster OS 1 -32 ch
GNSS receiver PwrPak7D™
GNSS antenna VEXXIS® GNSS-500 Series Antennas
RTK MRD-1000v2
MU MicroStrain 3DM-GV7-AHRS

B74 cm 2700 cm
I

4470 cm

Fig. 5 Vehicle and sensor placement
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Fig. 8 A scene with a point cloud map and a Lanelet2 map in
the Roadrunner environment
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Fig. 9 The resulting virtual PG environment
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Fig. 10 Real-world PCD Map and HD Map

Fig. 11 CARLA Virtual Environment PCD Map and Real-
world HD Map
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Table 3 ICP matching results between PCD maps

Parameter Value
Transformation Matrix (T) [f; ﬂ
1.000 0.003 -0.000
Rotation Matrix (R) [-o‘ 003 1.000 -0. 001]
0.000 0.001 1.000
1.689
Translation Vector (t) -0.001
0.016
RMS 0.038351 [m]
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Table 4 Normal distribution transform parameters

Parameters Division Value Unit
. Real vehicle 0.1
Step size [-]
Virtual vehicle 0.3
Regulation Real vehicle 0.01 [
scale factor Virtual vehicle 0.01
Convergence Real vehicle 0.01 [
criteria Virtual vehicle 0.01
. Real vehicle 3.0
Resolution - [m]
Virtual vehicle 2.5

Table 5 Model predictive control parameters

Control . .
. Decription Environment Value
gains
N Predictions Real 50
P
steps Virtual 50
. Real 0.01
At. | Control period
Virtual 0.1
0.1 0 0
Real [ 0 00 0 ]
. . 0 0 03
(¢ Weight matrix
1.0 0 0
Virtual [ 0 00 0 ]
0 0 03
. . Real 1.0
R Weight matrix
Virtual 1.0
I Contstnat time Real 0.24
‘ delay Virtual 0.0
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Fig. 12 Vehicle driving paths in a ring road global path
following scenario
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Fig. 13 Lateral position error and yaw error of vehicles in a
ring road global path following scenario
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Fig. 14 Vehicle driving paths in an urban street global path
following scenario
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Table 6 Lateral position error result in global path following

scenario
Case Global path following scenario
Error type Lateral position error

Area Ring road Urban street

Environment Real Virtual Real Virtual
RMS 0.1737 0.0423 0.2347 0.1253
STD 0.1440 0.0182 0.2337 0.1000
MAX 0.4869 0.1507 0.5912 0.3736

Table 7 Yaw error result in global path following scenario

Case Global path following scenario
Error type Yaw error
Area Ring road Urban street
Environment Real Virtual Real Virtual
RMS 0.3995 0.7011 1.2598 3.1224
STD 0.3639 0.6939 1.2497 3.0083
MAX 1.7860 3.2092 4.9796 13.7859
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Fig. 15 Lateral position error and yaw error of vehicles in an
urban street global path following scenario
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Fig. 16 Real-world and virtual environment validation expe-
riments for autonomous driving systems
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Fig. 17 Vehicle driving path and static obstacle locations in a
ring road static obstacle avoidance scenario
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Fig. 18 Static obstacle location in a ring road static obstacle
avoidance scenario [Zoom-in]
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Fig. 19 Lateral position error of vehicles in a ring road static
obstacle avoidance scenario
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Yaw error
(Ring Road Static Obstacle Avoidance Scenario)
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Fig. 20 Yaw error of vehicles in a ring road static obstacle
avoidance scenario
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Table 8 Lateral position error result in static obstacle
avoidance scenario

Case Static obstacle avoidance scenario
Area Ring road
Error type Lateral position error
Obstacle number Obstacle - 1 Obstacle - 2

Environment Real Virtual Real Virtual
RMS 0.3950 0.0586 0.2996 0.1677
STD 0.3350 0.0335 0.2600 0.1018
MAX 0.8674 0.1248 0.9161 0.2505

Table 9 Yaw error result in static obstacle avoidance scenario

Case Static obstacle avoidance scenario
Area Ring road
Error type Yaw error
Obstacle number Obstacle - 1 Obstacle - 2
Environment Real Virtual Real Virtual
RMS 0.8093 0.6584 0.7898 0.9129
STD 0.6038 0.6442 0.4788 0.9071
MAX 1.7787 1.1988 1.5891 1.9189
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Fig. 21 Wheel angle input of vehicles in a ring road static
obstacle avoidance scenario
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Fig. 22 Longitudinal velocity of vehicles in a ring road
static obstacle avoidance scenario

6

2l S 5 ol 7Hs e Aoz Helrt

Fig. 21 Autowaregl Kinematic MPCo|A] A2t =
HEAQ1 A4 o= 39 Alube] QoA e] Alo] 4=
ek, Al Alo] =S 7 B A A A A
528l MDPS gho=2 Q17fel7] fjste] ~uoly 29
gk, etolo] 23 A=o] Hu gk 2833t Fig.
22+= 2bge] WSS YEhi A o=, 23] ke A
°F 5~ 6 m/s T3l 310 = TRENA 5 s
B 2h2 S Fasiglon, 39 =3he] el A
= THEF EETF5 ~ 6 misE FAEH AT HEAF 0l
Ed A 0mvsoll FHBRE AE ol S8 S0
0 m/s= YER = "—rLZ_]'—O‘ A-&-=8Y A52}2] Closed-loop
& T3 9190 B 91X8 ool W 9@ Astolu.

Table 8, 93= 4340 g3k MFJ Qo] Anpw 7}
7k 4 Aol 59 :7b0) Ul@ D 0.4 2
Q4] RMS, STD, MAX ¢k b}FJrkHD}

AR AT AFAS} T B2 AT AR
o] AEL Fxazta}l £HEeE oA o] Z H7]9) 7k
of W9lelA Aol T HAA W, 14 4 A-eFa A5
Aol e, T AEE A 87 A48T A5A
e o] Fig. 15914 A58k v}
oh ) 5 8 9] A5 5ol 2 el 1o

FA|8]o] e},

[
/\40

=] 7o vt 2
- 7HE PG #H8 T R A A & A%k
A PG el A &85 OSM U P4 €] HD

A =2} PCD A E=Z 7]9FC 2 Road runner®l] 4] % X
ﬁ, NFE = vloksl ©g A|dEo] x39 714

PG 742 7@

362 RSB =27 A33H AlSE, 2025

FILES

714

- A FY AU AHE
A2+ PCD A %=, HD x]
o Ax FF, A4 ollE 39 Alvte
PG ¥ PG UAY E A A&
Apsate] 738 kA& Sk aith

Tl A= Autoware universe2} CARLA A| &2 o]
Zsﬁ Al 2=Ele] HAE 2 HEE 9

T5okal, e T Alvhe] QoA A

A3 A, AR 7 PG 8 9 A

HD A %=} PCD A2 553

ou, tpeFgt T3 AE L

o] Ao 1} Apg2y o

Oi
ﬂ

gl 0;1“/} o=
% fAbel AL w5
27 7k Ao} shetul el 2
oba) A AaF Ao o
34 287) wFel A4 $73
W7 2 2ozt Ao ’H
A4 A& AEA] mug 7}
A Exlo] g o ﬂli vlE = Ao

[l
/i)

N
N,
oz
oM, fo
2

£

e

o

N
Y
2 o g

o

fe

ot fo ret oy I ox 2
o—lNWﬂ:‘.":’oﬂiFﬁl
o g

Y

.

>
f
fru

B Ao
2 7147125 7h 0] 4912 el FE AT
21(RS-2024-00408818).

References
1) A. Dosovitskiy, G. Ros, F. Codevilla, A. Lopez and
V. Koltun, “CARLA: An Open Urban Driving
Simulator,” Conference on Robot Learning, PMLR,
pp-1-16, 2017.
2) P. Pirri, C. Pahl, N. EI loini and H. R. Barzegar,

“Towards Cooperative Maneuvering Simulation:



3)

4

5)

6)

7)

8)

9)

10)

11)

12)

A2 2FAA ZSUE 7|8 CZ|YH EA AIS2 01 &Y 718

Tools and Architecture,” 2021 IEEE 18th Annual
Consumer Communications & Networking Conference
(CCNC), pp.1-6, 2021.

T. Shan, B. Englot, D. Meyers, W. Wang, C. Ratti
and D. Rus, “LIO-SAM: Tightly-Coupled LiDAR
Inertial Odometry via Smoothing and Mapping,”
IEEE/RSJ International Conference on Intelligent
Robots and Systems(IROS), pp.5135-5142, 2020.
W. Lee and S. C. Kee, “Implementation of VILS
Systems for Autonomous Driving Testbed Based on
HD Map,” Transactions of KSAE, Vol.31, No.7,
pp.503-511, 2023.

S. Kato, S. Tokunaga, Y. Maruyama, S. Maeda, M.
Hirabayashi, Y. Kitsukawa, A. Monrroy, T. Ando, Y.
Fujii and T. Azumi, “Autoware on Board: Enabling
Autonomous Vehicles with Embedded Systems,”
ACM/IEEE 9th International Conference on
Cyber-Physical Systems(ICCPS), pp.287-296, 2018.
J. Jeong, J. Y. Yoon, H. Lee, H. Darweesh and W.
Sung, “Tutorial on High-Definition Map Generation
for Automated Driving in Urban Environments,”
Sensors, Vol.22, No.18, Paper No.7056, 2022.

M. S. Kim, J. H. Park and M. S. Sim, “A Study on
Real-Time Autonomous Driving Simulation System
Construction Based on Digital Twin — Focused on
Busan EDC,” Journal of Cadastre & Land InformatiX,
Vol.53, No.2, pp.53-66, 2023.

J. S. Jang, B. H. Kwon, K. W. Park and J. Hong,
“Development of Simulation Environment for
Verification of Digital Twin-Based MRC(Minimal
Risk Condition) Decision System,” Proceedings of
Symposium of the Korean Institute of Communications
and Information Sciences, pp.600-603, 2022.

W. Kang, J. Jo, M. Lee, D. Kang, M. Hyun and S.
Heo, “A Study on the Methodology to Develop
Virtual Drive Environment for Autonomous Driving
Evaluation,” Transactions of KSAE, Vol.29, No.6,
pp.547-556, 2021.

Y. Chen, S. Chen, T. Zhang, S. Zhang and N.
Zheng, “Autonomous Vehicle Testing and Validation
Platform: Integrated Simulation System with Hardware
in the Loop,” 2018 IEEE Intelligent Vehicles
Symposium(IV), pp.949-956, 2018.

Z. Meng, S. Zhao, H. Chen, M. Hu, Y. Tang and Y.
Song, “The Vehicle Testing Based on Digital Twins
Theory for Autonomous Vehicles,” IEEE Journal of
Radio Frequency Identification, Vol.6, pp.710-714,
2022.

B. G. Kim and E. Kang, “Toward Large Scale Test
for Autonomous Driving Software in Collaborative

Transactions of the Korean Society of Automotive Engineers, Vol. 33, No. 5, 2025

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)
24)

25)
26)

27)
28)

Virtual Environment,” IEEE Access, Vol.11, pp.72641-
72654, 2023.

B. Yu, C. Chen, J. Tang, S. Liu and J. -L. Gaudiot,
“Autonomous Vehicles Digital Twin: A Practical
Paradigm for Autonomous Driving System Dev-
elopment,” Computer, Vol.55, No.9, pp.26-34, 2022.
C. Schwarz and Z. Wang, “The Role of Digital
Twins in Connected and Automated Vehicles,”
IEEE Intelligent Transportation Systems Magazine,
Vol.14, No.6, pp.41-51, 2022.

D. Chetverikov, D. Svirko, D. Stepanov and P.
Krsek, “The Trimmed Iterative Closest Point
Algorithm,” 2002 International Conference on
Pattern Recognition, Vol.3, pp.545-548, 2002.

S. -H. Wang, C. -H. Tu and J. -C. Juang, “Automatic
Traffic Modelling for Creating Digital Twins to
Facilitate =~ Autonomous Vehicle Development,”
Connection Science, Vol.34, No.l, pp.1018-1037,
2022.

A. Niaz, M. U. Shoukat, Y. Jia, S. Khan, F. Niaz and
M. U. Raza, “Autonomous Driving Test Method
Based on Digital Twin: A Survey,” International
Conference on Computing, Electronic and Electrical
Engineering(ICE Cube), pp.1-7, 2021.

Z. Wang, K. Han and P. Tiwari, “Digital Twin
Simulation of Connected and Automated Vehicles
with the Unity Game Engine,” 2021 IEEE Ist
International Conference on Digital Twins and
Parallel Intelligence(DTPI), pp.1-4, 2021.

of a Virtual
Simulation Environment for Autonomous Driving
Using Digital Twins,” Ph.D. Thesis, Technische
Hochschule Ingolstadt, Ingolstadt, Germany, 2021.
C. Yu, J. Jung, H. Lee, Y. Gwon and H. Lee, “A
Study on the Establishment of VILS Based on
Simulation for ADAS Inspection,” Transactions of
KSAE, Vol.30, No.11, pp.873-879, 2022.

Chungbuk National University C-Track, https://www.
youtube.com/watch?v=9FAdXIwPCgU
https://github.com/carla-simulator/carla/releases/tag/
0.9.13/
https://github.com/carla-simulator/ros-bridge

A. Kanakagiri, “Development

https://autowarefoundation.github.io/autoware-doc-
umentation/galactic/installation/
https://github.com/hatem-darweesh
https://docs.web.auto/en/user-manuals/vector-map-
builder/introduction
https://cloudcompare-org.danielgm.net/release/
https://autowarefoundation.github.io/autoware.univ
erse/latest/localization/autoware _ndt_scan_matcher

363



	자율주행 오픈소스 플랫폼 기반 디지털 트윈 시뮬레이션 환경 구현
	Abstract
	1. 서론
	2. 오픈 소스 플랫폼 실험 환경 구축
	3. 디지털 트윈 자율주행 시뮬레이션 환경 구축
	4. 실험 및 평가
	5. 결론
	References


