
Cloud and Edge Computing
for Connected and

Automated Vehicles

Full text available at: http://dx.doi.org/10.1561/1000000058



Other titles in Foundations and Trends® in Electronic Design Au-
tomation

From CNN to DNN Hardware Accelerators: A Survey on Design, Ex-
ploration, Simulation, and Frameworks
Leonardo Rezende Juracy, Rafael Garibotti and Fernando Gehm Moraes
ISBN: 978-1-63828-162-7

Self-Powered Wearable IoT Devices for Health and Activity Monitoring
Ganapati Bhat, Ujjwal Gupta, Yigit Tuncel, Fatih Karabacak, Sule
Ozev and Umit Y. Ogras
ISBN: 978-1-68083-748-3

On-Chip Dynamic Resource Management
Antonio Miele, Anil Kanduri, Kasra Moazzemi, Dávid Juhász, Amir R.
Rahmani, Nikil Dutt, Pasi Liljeberg and Axel Jantsch
ISBN: 978-1-68083-578-6

Smart Healthcare
Hongxu Yin, Ayten Ozge Akmandor, Arsalan Mosenia and Niraj K. Jha
ISBN: 978-1-68083-440-6

Contracts for System Design
Albert Benveniste, Benoit Caillaud, Dejan Nickovic, Roberto Passerone,
Jean-Baptiste Raclet, Philipp Reinkemeier, Alberto Sangiovanni-Vincentelli,
Werner Damm, Thomas A. Henzinger and Kim G. Larsen
ISBN: 978-1-68083-402-4

Full text available at: http://dx.doi.org/10.1561/1000000058



Cloud and Edge Computing for
Connected and Automated Vehicles

Qi Zhu
Northwestern University
qzhu@northwestern.edu

Bo Yu
PerceptIn

bo.yu@perceptin.io

Ziran Wang
Purdue University

ryanwang11@hotmail.com

Jie Tang
South China University of Technology

cstangjie@scut.edu.cn

Qi Alfred Chen
University of California, Irvine

alfchen@uci.edu

Zihao Li
Purdue University
zihao@purdue.edu

Xiangguo Liu
Northwestern University

XiangguoLiu2023@u.northwestern.edu

Yunpeng Luo
University of California, Irvine

yunpel3@uci.edu

Lingzi Tu
Southwest Jiaotong University

linzitu@outlook.com

Boston — Delft

Full text available at: http://dx.doi.org/10.1561/1000000058



Foundations and Trends® in Electronic Design Au-
tomation

Published, sold and distributed by:
now Publishers Inc.
PO Box 1024
Hanover, MA 02339
United States
Tel. +1-781-985-4510
www.nowpublishers.com
sales@nowpublishers.com

Outside North America:
now Publishers Inc.
PO Box 179
2600 AD Delft
The Netherlands
Tel. +31-6-51115274

The preferred citation for this publication is

Q. Zhu et al.. Cloud and Edge Computing for Connected and Automated Vehicles.
Foundations and Trends® in Electronic Design Automation, vol. 14, no. 1-2, pp. 1–170,
2023.

ISBN: 978-1-63828-303-4
© 2023 Q. Zhu et al.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system,
or transmitted in any form or by any means, mechanical, photocopying, recording or otherwise,
without prior written permission of the publishers.

Photocopying. In the USA: This journal is registered at the Copyright Clearance Center, Inc., 222
Rosewood Drive, Danvers, MA 01923. Authorization to photocopy items for internal or personal
use, or the internal or personal use of specific clients, is granted by now Publishers Inc for users
registered with the Copyright Clearance Center (CCC). The ‘services’ for users can be found on
the internet at: www.copyright.com

For those organizations that have been granted a photocopy license, a separate system of payment
has been arranged. Authorization does not extend to other kinds of copying, such as that for
general distribution, for advertising or promotional purposes, for creating new collective works, or
for resale. In the rest of the world: Permission to photocopy must be obtained from the copyright
owner. Please apply to now Publishers Inc., PO Box 1024, Hanover, MA 02339, USA; Tel. +1 781
871 0245; www.nowpublishers.com; sales@nowpublishers.com

now Publishers Inc. has an exclusive license to publish this material worldwide. Permission
to use this content must be obtained from the copyright license holder. Please apply to now
Publishers, PO Box 179, 2600 AD Delft, The Netherlands, www.nowpublishers.com; e-mail:
sales@nowpublishers.com

Full text available at: http://dx.doi.org/10.1561/1000000058



Foundations and Trends® in Electronic Design
Automation

Volume 14, Issue 1-2, 2023
Editorial Board

Editor-in-Chief
Axel Jantsch
TU Wien, Austria

Editors

Bashir Al-Hashimi
King’s College London

Jason Cong
University of California, Los Angeles

Andreas Gerstlauer
The University of Texas at Austin

Christoph Grimm
TU Kaiserslautern

Ahmed Jerraya
CEA-Leti

Wolfgang Müller
University of Paderborn

Partha Pande
Washington State University

Zebo Peng
Linköping University

Christian Pilato
Politecnico di Milano

Jaan Raik
Tallinn University of Technology

Alberto Sangiovanni-Vincentelli
University of California, Berkeley

Rishad Shafik
Newcastle University

Sandeep Shukla
Indian Institute of Technology, Kanpur

Norbert Wehn
University of Kaiserslautern

Full text available at: http://dx.doi.org/10.1561/1000000058



Editorial Scope
Topics

Foundations and Trends® in Electronic Design Automation publishes survey
and tutorial articles in the following topics:

• System Level Design

• Behavioral Synthesis

• Logic Design

• Verification

• Test

• Physical Design

• Circuit Level Design

• Reconfigurable Systems

• Analog Design

• Embedded software and parallel programming

• Multicore, GPU, FPGA, and heterogeneous systems

• Distributed, networked embedded systems

• Real-time and cyberphysical systems

Information for Librarians

Foundations and Trends® in Electronic Design Automation, 2023, Vol-
ume 14, 4 issues. ISSN paper version 1551-3939. ISSN online version
1551-3947. Also available as a combined paper and online subscription.

Full text available at: http://dx.doi.org/10.1561/1000000058



Contents

1 Introduction 3

2 Mobility Digital Twins with Cloud and Edge Computing 7
2.1 Concept for Mobility Digital Twin Framework . . . . . . . 9
2.2 Example Architecture for Mobility Digital Twin . . . . . . 14
2.3 Application: Personalized Adaptive Cruise Control with

Human/Vehicle/Traffic Digital Twins . . . . . . . . . . . . 19
2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3 Practical Deployments of Edge and Cloud Computing in CAVs 24
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.2 Emerging Use Cases of CAVs . . . . . . . . . . . . . . . . 26

4 Edge Architecture for CAVs 43
4.1 Computer Architectures for CAVs . . . . . . . . . . . . . . 43
4.2 Autonomous Driving Computing Acceleration on FPGAs . 66
4.3 Software Systems . . . . . . . . . . . . . . . . . . . . . . 84

5 Cloud Architecture for CAVs 98
5.1 Distributed Computing for Autonomous Driving . . . . . . 99
5.2 Distributed Mapping . . . . . . . . . . . . . . . . . . . . . 110
5.3 Simulation-Centric Cloud System . . . . . . . . . . . . . . 118

Full text available at: http://dx.doi.org/10.1561/1000000058



6 Safety and Security of Cloud- and Edge-enabled CAVs 128
6.1 Addressing Safety for Cloud- and Edge-enabled CAVs . . . 129
6.2 Addressing Security for Cloud- and Edge-enabled CAVs . . 139

References 146

Full text available at: http://dx.doi.org/10.1561/1000000058



Cloud and Edge Computing for
Connected and Automated Vehicles
Qi Zhu1, Bo Yu2, Ziran Wang3, Jie Tang4, Qi Alfred Chen5, Zihao Li3,
Xiangguo Liu1, Yunpeng Luo5 and Lingzi Tu6

1Northwestern University, USA; qzhu@northwestern.edu,
XiangguoLiu2023@u.northwestern.edu
2PerceptIn, USA; bo.yu@perceptin.io
3Purdue University, USA; ryanwang11@hotmail.com, zihao@purdue.edu
4South China University of Technology, China; cstangjie@scut.edu.cn
5University of California, Irvine, USA; alfchen@uci.edu,
yunpel3@uci.edu
6Southwest Jiaotong University, China; linzitu@outlook.com

ABSTRACT
The recent development of cloud computing and edge com-
puting shows great promise for the Connected and Auto-
mated Vehicle (CAV), by enabling CAVs to offload their
massive on-board data and heavy computing tasks. Leverag-
ing the Internet of Things (IoT) technology, different entities
in the intelligent transportation system (e.g., vehicles, in-
frastructure, traffic management centers, etc.) get connected
with each other, thus making the entire system smarter,
faster, and more efficient. However, these advances also
bring significant challenges to public authorities, industry,
as well as scientific communities. In terms of system design
and control, current cloud and edge architecture of CAVs
need to be refined or even redesigned to better function un-
der uncertainties in demand, and to better cooperate with
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existing conventional vehicles and infrastructure. From the
performance assessment perspective, models and simulation
tools based on artificial intelligence and big data have been
widely developed for validation and evaluation of cloud com-
puting and edge computing, but the validity of these models
needs to be re-examined with field implementations.

Finally, while the increasing connectivity among vehicles
and infrastructures may help improve their perception of the
environment and enable coordinated decision making, it also
presents new challenges to ensure system safety and security,
with inherent disturbances to wireless communication net-
works and also the inevitably larger attack surface that may
be exploited by malicious attacks. In this tutorial, experts
from academia and industry will introduce the trends and
challenges of applying cloud and edge computing for CAVs,
highlight representative works in the literature and discuss
their limitations, present new promising solutions, and out-
line future directions in research and engineering. Particular
focus will be given to methodologies and tools for building
digital twin frameworks with cloud and edge computing for
CAVs, quantitative and formal analysis for ensuring CAV
safety under disturbances and uncertainties, system-level
CAV security threat landscape and defense solution space,
and experiences from practical deployment of cloud and
edge computing for CAVs.
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1
Introduction

Autonomous driving (AD) has seen tremendous progress over the last
two decades, propelled by the advancement of neural network-based
machine learning techniques and their usage throughout system stages
such as perception (Qian et al., 2022), prediction (Jiao et al., 2022; Jiao
et al., 2023a; Jiao et al., 2023b), and planning (Liu et al., 2022f; Liu et al.,
2023c; Liu et al., 2023a). Significant progress has been made to improve
AD performance in various traffic scenarios, including challenging ones
such as unprotected left turns, highway merging, and lane changing.
Meanwhile, connected vehicle (CV) technologies using vehicular ad-hoc
networks enable information sharing among vehicles and surrounding
infrastructures (Kenney, 2011; Zheng et al., 2016b). This provides
a great complement to the perception and prediction capabilities of
individual vehicles, e.g., by sharing out-of-sight information or future
motion plans that cannot be accurately predicted.

However, a number of challenges significantly impede the application
of AD and CV techniques in realizing connected and automated vehicles
(CAVs) in practice. Some of the major challenges include (1) taking
full advantage of these techniques to maximize system performance
in various applications and scenarios, (2) reducing additional costs to

3
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4 Introduction

deploy these techniques, including software and hardware cost, system
maintenance and upgrade (Zheng et al., 2016a; Zhu and Sangiovanni-
Vincentelli, 2018), (3) ensuring system safety considering environmental
uncertainty and disturbance, as well as the difficulty in analyzing neural
networks (Zheng et al., 2017a; Zheng et al., 2019; Zhu et al., 2020; Zhu
et al., 2021), and (4) defending possible cyber and physical attacks on
CAVs (Liu et al., 2023d).

Addressing these challenges and adopting AD and CV techniques
require significant computational resources, which could be challenging
to deploy on future production vehicles due to the additional cost,
energy overhead, hardware maintenance difficulty, etc. The advancement
of cloud and edge computing (Varghese et al., 2021; Sánchez et al.,
2022; Gross et al., 2022) provides an appealing way to overcome the
computational resource limitations of individual vehicles. CAVs can
communicate with edge devices that are roadside units (RSUs) and
leverage the RSUs’ affiliated local sensors and servers, and may also
communicate with cloud devices that are far away and can connect to
the internet for more information. Tasks with high resource demands
and without real-time requirements, e.g., neural network model training,
can be uploaded to the cloud, while tasks with moderate resource
demands but requiring real-time communication, e.g., perception of the
environment and coordination with other vehicles, can be handled by
edge computing. Individual vehicles only need to equip the necessary
hardware to maintain normal operation and ensure safety when edge
and cloud computing are not available occasionally.

Many works have shown that the AD pipelines may perform poorly
in long-tailed traffic scenarios (e.g., extreme weather conditions) and are
vulnerable to various input noises and attacks such as blemished traffic
signs or dirty patches on the road (Chen et al., 2019b; Sato et al., 2021;
Zhang et al., 2022). Some methods and frameworks are proposed to
enhance the robustness and security of individual modules (Yang et al.,
2020; Jiao et al., 2023b; Jiao et al., 2023a) and the AD pipeline (Jiao
et al., 2021) of a single autonomous vehicle.

Edge and cloud computing can significantly improve system perfor-
mance, safety and security by effective collaboration among vehicles and
infrastructures. For instance, with the shared information from CAVs,

Full text available at: http://dx.doi.org/10.1561/1000000058
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we can build a Sybil attack detection system (Luo et al., 2021) based
on a credibility-enhanced temporal graph convolutional neural network
to defend the transportation system against Sybil attacks. At the same
time, a cyber-physical credibility framework based on blockchain tech-
nology and vehicles’ physical sensing capabilities can be maintained to
build trust for connected vehicles (Liu et al., 2021h), enabling quick
reaction to attacks in a large-scale vehicular network with low resource
overhead. Initial studies of such techniques have demonstrated effec-
tiveness in defense against spoofing attacks, bad-mouthing attacks, and
Sybil and voting attacks.

System efficiency can be maximized by allocating different tasks to
cloud servers, edge devices, or individual vehicles. However, there are
some open design challenges. For example, uploading long-tailed training
examples to the cloud can build a robust and general model for vehicles
in different areas, which can save effort in modeling training, safety
and security verification. However, it leads to performance, privacy and
security concerns. A general model does not necessarily perform better
than a model trained with local traffic data. Individual vehicles may
not want to publicize their daily travel trajectories, and even only a
small amount of malicious training data can contaminate the model
training in the cloud. Another example is collaborative perception with
assistance from edge devices. Real-time local maps can be generated on
edge devices by collecting shared information from individual vehicles,
which can improve system safety, especially in occluded and complex
scenarios. However, sharing raw data from Lidars and cameras costs
lots of communication resources. Sharing processed information, e.g.,
detected objects, will lead to challenges in reaching a consensus on
these objects and their positions, and each vehicle needs to equip
corresponding computational devices.

In the following sections, we will discuss opportunities and challenges
for CAVs with cloud and edge computing, as well as present promising
solutions to address these challenges and enhance system performance,
efficiency, safety and secruity. In particular, Section 2 presents a mobility
digital twin framework at the transportation level for enabling edge
and cloud computing for CAVs. Section 3 discusses insights in practical
deployment of edge and cloud computing in CAVs. Sections 4 and 5
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present software and hardware architecture designs for edge and cloud
computing, respectively, that facilitate CAVs. Finally, Section 6 discusses
safety and security challenges for cloud- and edge-enabled CAVs and
presents potential solutions.
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