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Abstract—Interest in autonomous driving (AD) and intelligent
vehicles (IVs) is growing at a rapid pace due to the convenience,
safety, and economic benefits. Although a number of surveys
have reviewed research achievements in this field, they are still
limited in specific tasks, lack of systematic summary and research
directions in the future. Here we propose a Survey of Surveys
(SoS) for total technologies of AD and IVs that reviews the
history, summarizes the milestones, and provides the perspectives,
ethics, and future research directions. To our knowledge, this
article is the first SoS with milestones in AD and IVs, which
constitutes our complete research work together with two other
technical surveys. We anticipate that this article will bring novel
and diverse insights to researchers and abecedarians, and serve
as a bridge between past and future.
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A
UTONOMOUS driving (AD) and intelligent vehicles

(IVs) have recently attracted significant attention from

academia as well as industry because of a range of potential

benefits. Surveys on AD and IVs occupy an essential position

in gathering research achievements, generalizing entire tech-

nology development, and forecasting future trends. However,

a large majority of surveys only focus on the specific task,

and they may have a negative impact on conducting research

for abecedarians. The purpose of our work is to systematically

summarize the development of AD and propose future research

directions from an overall perspective. This paper is the Part

1 of the “Milestones in Autonomous Driving and Intelligent

Vehicles”a survey of surveys (SoS), and the Part 2 and 3 will

be published soon. This paper collects milestones on surveys

of AD and IVs and introduces research perspectives, ethics,

and future directions. In other two papers, we review crucial

technologies in AD including perception, planning, control,

etc. We expect that our work can be considered as a bridge

between past and future.

A. History of Autonomous Driving & Intelligent Vehicles

The first automated, radio-operated vehicle was successfully

tested in the USA on 5th August 1921. In 1953, Radio Corpo-

ration of America (RCA) Laboratories successfully developed

a miniature vehicle that was navigated and controlled by wires.

The IVs or called remotely piloted vehicles were limited by

technological developments and could only achieve a single

unstable function.

The development of AD witnessed a breakthrough in 1980s

thanks to the development of computer technology. The US

Defence Advanced Research Projects Agency (DARPA) es-

tablished the Autonomous Land Vehicle (ALV) program in

1983, involving Carnegie Mellon University (CMU), Stanford

University, and other academic institutions to realize AD

which is the first time to integrate LiDAR, computer vision,

and automated control methods. In 1989, CMU pioneered

the use of neural networks to guide the control of IVs,

and this development laid a foundation for intelligent control

techniques.

At the beginning of the 21 century, several competitions

worldwide promoted the research on AD. Starting in 2004,

DARPA held three competitions to evaluate the capabilities of

IVs in harsh and complex environments. Stanford University

won the first prize in the competition in 2005, and their
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vehicle was equipped with a camera, a LiDAR, a radar, a

Global Positioning System (GPS), and an Intel CPU. The

first Chinese “Intelligent Vehicles Future Challenge Program”

was held in 2009, which attracted seven groups to participate,

including Hunan University, Beijing Institute of Technology,

Shanghai Jiaotong University, Xi’an Jiaotong University, Ts-

inghua University, National University of Defense Technology

and University of Parma.

In 2010s, owing to the development of neural networks as

well as the computing platform, IVs have gradually moved

from private roads to urban roads. VIsLab implemented cross-

border transport of IVs from Parma to Shanghai. In 2016,

Drive.ai was permitted to test IVs in California. The nuTon-

omy in Singapore ran a number of autonomous taxis in the

same year.

With regard to AD levels, the Society of Automotive

Engineers (SAE) has divided AD into 6 levels from L0 to

L5. By 2030, 82 million IVs with L4/L5 will run in the

US, Europe, and China. Although AD technology has got

impressive development, the issues still exist. In addition, it

is still legally in question whether an IV could undertake the

responsibility when it involves a traffic accident.

B. Paper Structure

We divide the article into five sections, including introduc-

tion, overall, datasets, perspectives & future, and conclusion.

The introduction section contains a brief introduction of his-

tory of AD and our contributions. In the overall section, we

category the collected survey papers and analyse the statistic

results. We also summarize the dataset information on the AD

in the datasets section. In the perspective & future section, we

provide research perspectives, ethics and future directions on

AD.

TABLE I
DISTRIBUTIONS OF REVIEWED SURVEYS

Article Category Concrete Theme Number

Overall Overall 13
Perception Localization 17
Perception Static Object Detection 10
Perception Dynamic Object Detection 27
Perception Scene Understanding 3
Perception Tracking 2
Perception Prediction 2
Planning Planning 6
Planning Decision-making & End-to-End 2
Control Control 7
System System & Platform 4
System Hardware 3
System Software 1
Communication Communication 15
Testing Simulation 2
Testing Interpretability 1
Interaction Human-Machine Interface 1
Scenes Special Scenes 6

C. Contributions

In this paper, we collect 122 survey articles, analyse

datasets, and provide research difficulties, directions for future

research, and ethics in AD. The most important thing is that

the research of AD and IVs has entered a bottleneck period.

We wish this article could bring novel and diverse insights for

researchers to make breakthroughs.

We summarize three contributions of this article:

1. We introduce an SoS on AD and IVs. In this article, we

collect the milestone surveys and category them into several

sub-sections.

2. We enumerate the characteristics of AD datasets and

summarize the current research perspectives, ethics, and future

directions on AD.

3. We conduct a systematic study that attempts to be a

bridge between past and future on AD and IVs, and this SoS

is the Part 1 of our whole research.

II. OVERALL

We select 122 survey articles in our paper and the Table I

shows the categories and the corresponding numbers of papers.

All the surveys are categorized into several sub-sections,

including the overall [1–13], localization [14–30], static object

detection [31–40], dynamic object detection [41–67], scene

understanding [68–70], tracking [71, 72], prediction [73, 74],

planning [75–80], E2E [81, 82], control [83–89], system [90–

93], hardware [94–96], software [97], communication [98–

112], simulation [113, 114], interpretability [115], Human-

Machine Interface (HMI) [116], and special scenes [117–

122]. Table II presents a few highly cited surveys of each

sub-section. We provide the title of these articles with the

categories, the number of citations, the publication year and a

number of special keywords which assist researchers to find

the target paper quickly. We plot the whole collected articles

on a timeline as Fig. 1. Readers can clearly identify the re-

search area and the published journal of each article according

to the abbreviations, and locate the article title and other

information by serial numbers. For example, “Ove TIV[2]” in

this figure represents the article can be found at the reference

list with index 2, and it belongs to the “Overall” category and

published in IEEE Transaction on Intelligent Vehicle (TIV).

III. DATASETS

The publicity of various kinds of autonomous driving

datasets has made a substantial contribution to the advance-

ment in this area, especially for perception and E2E planning

tasks. KITTI [123] provides multiple computer vision tasks

on urban roads in Germany. Cityscapes [124], BDD100K

[125], Mapillary Vistas [126] have released a number of data

with segmentation masks. A*3D [127] enriches the collection

scenes, such as the dark night, rainy and snowy.

Some automobile manufacturers publish datasets collected

by their vehicles, including H3D [128], A2D2 [129] and the

Ford Dataset [130]. For more details, please check Table

III, which includes the number of frames, installed sensors,

and covering tasks for each dataset. Readers could find the

corresponding data by their mission. For E2E planning, the

environment is more crucial for developers, and the simulation

platform such as Carla [131], Vissim [132], PerScan, AirSim

[133], Udacity, Apollo, etc. could assist researchers to conduct

experiments on planning and control.
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Fig. 1. We provide all the collected papers on the time axis with abbreviations, consisting of the categories, published journals and the serial number.

TABLE III
THE DATASETS ON THE AUTONOMOUS DRIVING1

Dataset Frame
Sensors Task

Li Vi Ra GP IM Ca Te Sc Od La Dr 2D 3D Di OF SF PS Se Pa De Tr Pr Pl E2E HD

KITTI [123] 15K 1 2 - 1 1 - - ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

CityScapes [124] 25K - 2 - 1 1 - 1 ✓ ✓ ✓ ✓

nuScenes [134] 40K 1 6 5 1 1 - - ✓ ✓ ✓ ✓ ✓ ✓

A2D2 [129] 12K 5 6 - 1 - - - ✓ ✓ ✓ ✓

Lyft L5 [135] - 3 7 - - - - - ✓ ✓

A*3D [127] 39K 1 2 - - - - - ✓ ✓

ApolloScape [136] 144K ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

BDD100K [125] 100K - 1 - 1 1 - - ✓ ✓ ✓ ✓ ✓ ✓

H3D [128] 27K 1 - - 1 1 1 - ✓ ✓

Argoverse [137] 22K 2 9 - 1 - - - ✓ ✓ ✓ ✓ ✓ ✓ ✓

Mapillary Vistas [126] 25K 1 1 - 1 - - - ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Waymo Open [138] 200K 5 5 - - - - - ✓ ✓ ✓ ✓ ✓ ✓

Comma2k19 [139] 200K - 1 - 1 1 1 - ✓ ✓ ✓

Ford Dataset [130] 200K 4 7 - 1 1 - - ✓ ✓ ✓

PandaSet [140] 16K 2 6 - 1 1 1 ✓ ✓ ✓

ONCE [141] 1M 1 7 - - - - - ✓ ✓

AutoMine [142] 18K 1 2 - 1 1 - - ✓ ✓ ✓

1 Li-LiDAR, Vi-Vision, Ra-Radar, GP-Global Positioning System, IM-Inertial Measurement Unit, Ca-CAN data, Te-Temperature data, Sc-Scene Classification,
Od-Odometry, La-Lane Detection, Dr-Driveable Detection, 2D-2D Object Detection, 3D-3D Object Deteciton, Di-Disparity, OF-Optical Flow Estimation,
SF-Scene Flow Estimation, PS-Point Segmentation, Se-Semantic Segmentation, Pa-Panoptic Segmentation, De-Depth Estimation, Tr-Tracking, Pr-Prediction,
Pl-Planning, E2E-End-to-End, HD-High Definition map.
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IV. PERSPECTIVES AND FUTURE

A. Independent Tasks:

1) Perception: Perception is the upstream aspect of au-

tonomous driving systems, and the results of which will heav-

ily influence downstream tasks including planning and motion

control. Combined with limited computational resources and

time, perception models need to be accurate, robust, and

fast. A number of teams have achieved competitive results in

academic research on perception, but researchers still need to

continue to improve the performance of their models until they

could cover the full scene, which is the fundamental character-

istic of mass production. We summarise a few possible future

research directions as follows: 1) The early fusion strategies &

universal structures for multiple sensors. 2) Lifting the 2D to

3D detection adopting effective transfer structures. 3) Making

IVs have the capability of automated inference. 4) Developing

self-supervised strategies and reducing the relay on huge data.

5) Exploring the cooperative perception and making a dense

connection to the following tasks.

2) Planning: Trajectory planning technique alone is not

the bottleneck of an IV. Despite this, the planning module de-

serves to consider the limitations in the upstream/downstream

modules so that the entire driving performance is improved.

The following few aspects are an outlook on some possible

future directions: 1) Safe planning for imperfect perception

data. 2) Balance of solution quality and speed. 3) Performance

consistency in switching between different planners. 4) Inter-

pretability enhancement for a learning-based planner.

3) Control: The motion control technology of IVs has

made remarkable progress. However, due to the complex lon-

gitudinal and lateral dynamics of the vehicle, mutual coupling

performance objectives, and the wide application of advanced

communication technology, there are still many important

and unsolved problems in the research of IV motion control

that need to be explored and recognized. The following is a

preliminary outlook on its possible development directions: 1)

Coordinated control method of longitudinal and lateral motion

of IV under random uncertainty and delay conditions. 2)

Multi-performance objective global optimization technology

for IV motion control. 3) Theory and method of IV cooperative

control in the Internet of Vehicles environment. 4) Fault

tolerant method for control systems. 5) Piratical application

of control systems in a real traffic environment.

4) Testing: Testing is a crucial process before the mass

production of IVs. Test vehicles require to complete a series of

driving tasks with various difficulties in testing areas or private

roads. The purpose of this process is to locate the remaining

problems of IVs, to provide the last opportunity to modify

the program and to reduce the accident rate of IVs on public

roads. For future research on IVs testing, researchers could 1)

introduce a novel evaluation criterion on thinking rationally; 2)

develop the evaluation criteria for virtual simulation testing; 3)

attempt to narrow the gap between the real and virtual testing

scenarios [143, 144].

5) Human Behaviors: The increase of autonomy for com-

mercial passenger vehicles will not reduce the necessity of hu-

man behaviors and human factors issues but may increase the

complexity of these problems. The responsibility of ensuring

a safe, comfortable, and pleasant journey is extremely heavy

for IVs. Future work for HMI systems on IVs should further

focus on the development of mutual understanding and mutual

trust mechanisms, ensuring communication transparency and

efficiency with both onboard and surrounding users. The

personalized and human-centered design approach should be

highlighted to guarantee the IVs are also able to understand

user characteristics and personalities in case to interact with

humans more effectively. Meanwhile, security, privacy, and

ethics issues are also expected to be carefully considered [145–

150].

B. Ethics on Autonomous Driving:

1) Normative Ethics: The normative ethical issues centre

around the moral dilemmas where an IV has to make a

choice between alternatives that will inevitably result in the

sacrifice of human lives [151–153]. One example of adapting

the trolley problem of IV is given by Bonnefon et al. [151],

who designed several delicated accident scenarios where an

IV has to make decisions between scarifying pedestrians or

passengers and surveyed the choices held by participants in

the US. Results of the survey suggested that most participants

wanted other people to buy IVs prioritising saving the most

lives in the accidents. The survey mechanism was expanded

and developed to an online experimental platform known as

the “Moral Machine Experiment” [152] to explore the moral

dilemmas faced by IVs from a global perspective. The data

helped identify three strong preferences: the preference for

sparing human lives, that for sparing more lives, and that for

sparing young lives.

In a separate study, Morita and Managi [153] surveyed the

existence of the social dilemma in Japan and found that the

result is broadly similar to those obtained in the USA [152].

Of particular note is that participants in the US expressed

generally stronger preferences for self-protective IVs when

travelling with family over riding alone, while those in Japan

did not demonstrate such inclination. This difference, argued

by the authors, was due to the cultural difference between

the two countries. While discussions referring to the trolly

problem in the context of IV moral decision-making have been

comprehensive and rich, several researchers have expressed

concerns that the IVs moral dilemmas were overstressed. Cun-

neen et al. [154] argued that framing the ethical impact of IVs

in terms of the trolley-problem-like dilemmas was misleading,

while more realistic ethical framings should focus on the

present and near-future technologies including HMI, machine

perception, and data privacy, etc. This attitude was shared

by Lundgren [155], who also questioned the methodologies

in which the discussions on the IVs’ trolley problem were

extended.

2) Environmental and Public Health Ethics: A consensus

has been achieved that the introduction of IVs will raise

issues associated with environmental and public health ethics.

IVs could benefit the environment by, e.g. optimising energy

efficiency and emissions of individual vehicles and reducing

traffic congestions caused by collisions [156]. Meanwhile, IVs
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could bring harms to the environment [157–160]. The conve-

nience and accessibility of IVs could unlock the additional

travel demand from people who bear unnecessary travel needs

[157], and the increased travel demand would in turn increased

the Vehicle-Miles-Travelled (VMT) [158], and result in higher

levels of noise and ElectroMagnetic Fields (EMF), both of

which contribute to adverse health effects [159].

3) Business Ethics: Another two heated debate topics

raised by IVs are liability and privacy, both of which are

primarily targeted on the IV industry and thus fall into the

theme of business ethics. Unlike most conventional vehicle

accidents, accidents associated with an IV could cause contro-

versial legal issues regarding the apportion of liability among

the industrial stakeholders of the IV technology [161]. What

could make the issues even worse is that these stakeholders

might not even be able to predict the behaviour of an IV due

to the inherent unpredictability of the machine-learning-based

algorithms [162]. In conjunction, serious privacy risks could

arise as the IV industry prosper – it would become increasingly

uncomplicated for the industrial stakeholders to access the IV

users’ personal information [161, 162].

C. Future Directions:

1) Human-Machine Hybrid Intelligence: The relationship

between human and IVs is not independent. On the contrary,

both are coexistent and mutually reinforcing. Human intelli-

gence is the mentor of machine intelligence, and the latter will

learn problem-solving strategies from human behaviors, so as

to improve the reliability of intelligent systems [163, 164].

At the American Association for Artificial Intelligence

(AAAI) conference in 2018, the conference president gave

a presentation named “Challenge of human aware Artificial

Intelligence (AI) systems”, which pointed out the challenges

we face in the development of AI systems. The presentation

suggests that the purpose of AI is to augment the human labor,

so in order to collaborate with AI systems, it is necessary

to design them with human awareness and to build models

of Human in the Loop (HITL). AD is one of typical AI

systems, and it needs to combine AI algorithms with human

involvement, and a HITL approach will enhance the ability of

IVs to handle complex difficulties.

2) Parallel Intelligence in Autonomous Driving: Human

drivers are mostly capable to detect important information

from the surrounding environment and thus make rational

decisions. However, this type of capability relies on a large

amount of knowledge. A parallel simulation platform based

parallel intelligence can greatly enrich the perception data

through data enhancement in virtual scenarios. It creates abun-

dant corner cases and diverse weather conditions to enhance

detection & planning capabilities in virtual scenarios [165–

170]. In addition, through correlation guidance between virtual

and realistic scenarios, models trained in virtual environments

can be deployed into real IVs to improve the capability of

models on urban roads.

3) From Scenario Engineering to Scenario Intelligence:

Nowadays, the scenario datasets store information with dif-

ferent formats and standards, and without effective indexing.

Thus these datasets are sparsely annotated and difficult to

reuse. The purpose of scenario intelligence is to uniform the

description methods & rules [171–173]. Through scenario in-

telligence, IVs will be able to adapt to various road conditions

and driving environments, improving the intelligence level,

which is one of the crucial technologies to achieve L5 AD

level in the future.

V. CONCLUSION

In view of the large number of surveys lacking systematic

summaries and macroscopic perspectives, we have made a

comprehensive summary of AD and IVs. This article is Part 1

of our work. In this paper, we review the development of AD

and introduce an SoS on milestone research in AD and IVs.

We collect 122 surveys into 18 categories by research areas

and analyse them. Datasets on AD are summarized to assist

researchers to select the suitable data as fast as possible. In

addition, we have pointed out the research perspectives, ethics

and a few future directions on AD. This SoS offers horizontal

as well as vertical research on various topics in AD.
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M. Guevara, P. Novais, J. Monteiro, and P. Melo-Pinto, “Point-
cloud based 3d object detection and classification methods for
self-driving applications: A survey and taxonomy,” Information

Fusion, vol. 68, pp. 161–191, 2021.
[66] A. Gupta, A. Anpalagan, L. Guan, and A. S. Khwaja, “Deep

learning for object detection and scene perception in self-
driving cars: Survey, challenges, and open issues,” Array,
vol. 10, p. 100057, 2021.

[67] Z. Wei, F. Zhang, S. Chang, Y. Liu, H. Wu, and Z. Feng,
“Mmwave radar and vision fusion for object detection in
autonomous driving: A review,” Sensors, vol. 22, no. 7, p.
2542, 2022.

[68] J.-R. Xue, J.-W. Fang, and P. Zhang, “A survey of scene
understanding by event reasoning in autonomous driving,”
International Journal of Automation and Computing, vol. 15,
no. 3, pp. 249–266, 2018.

[69] S. Chen, Z. Jian, Y. Huang, Y. Chen, Z. Zhou, and N. Zheng,
“Autonomous driving: cognitive construction and situation
understanding,” Science China Information Sciences, vol. 62,
no. 8, pp. 1–27, 2019.

[70] Z. Guo, Y. Huang, X. Hu, H. Wei, and B. Zhao, “A survey
on deep learning based approaches for scene understanding in
autonomous driving,” Electronics, vol. 10, no. 4, p. 471, 2021.

[71] F. Leon and M. Gavrilescu, “A review of tracking, prediction
and decision making methods for autonomous driving,”
CoRR, vol. abs/1909.07707, 2019. [Online]. Available:
http://arxiv.org/abs/1909.07707

[72] ——, “A review of tracking and trajectory prediction methods
for autonomous driving,” Mathematics, vol. 9, no. 6, p. 660,
2021.

[73] D. Ridel, E. Rehder, M. Lauer, C. Stiller, and D. Wolf, “A
literature review on the prediction of pedestrian behavior in
urban scenarios,” in 2018 21st International Conference on
Intelligent Transportation Systems (ITSC). IEEE, 2018, pp.
3105–3112.

[74] S. Mozaffari, O. Y. Al-Jarrah, M. Dianati, P. Jennings, and
A. Mouzakitis, “Deep learning-based vehicle behavior predic-
tion for autonomous driving applications: A review,” IEEE
Transactions on Intelligent Transportation Systems, vol. 23,
no. 1, pp. 33–47, 2020.
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