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ABSTRACT
Recent years have witnessed enormous progress in AI-related
fields such as computer vision, machine learning, and au-
tonomous vehicles. As with any rapidly growing field, it
becomes increasingly difficult to stay up-to-date or enter
the field as a beginner. While several survey papers on
particular sub-problems have appeared, no comprehensive
survey on problems, datasets, and methods in computer
vision for autonomous vehicles has been published. This
monograph attempts to narrow this gap by providing a
survey on the state-of-the-art datasets and techniques. Our
survey includes both the historically most relevant literature
as well as the current state of the art on several specific
topics, including recognition, reconstruction, motion estima-
tion, tracking, scene understanding, and end-to-end learning
for autonomous driving. Towards this goal, we analyze the
performance of the state of the art on several challeng-
ing benchmarking datasets, including KITTI, MOT, and

Joel Janai, Fatma Güney, Aseem Behl and Andreas Geiger (2020), “Computer Vision
for Autonomous Vehicles”, Foundations and Trends® in Computer Graphics and
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Cityscapes. Besides, we discuss open problems and current
research challenges. To ease accessibility and accommodate
missing references, we also provide a website that allows
navigating topics as well as methods and provides additional
information.
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1
Introduction

Since the first successful demonstrations in the 1980s [169, 171, 661],
great progress has been made in the field of autonomous vehicles.
However, despite these advances and ambitious commercial goals, fully
autonomous navigation in general environments has not been realized
to date. The reason for this is two-fold: First, autonomous systems
which operate in complex dynamic environments require models which
generalize to unpredictable situations and reason in a timely manner.
Second, informed decisions require accurate perception, yet most of the
existing computer vision models are still inferior to human perception
and reasoning.

Existing approaches to self-driving can be roughly categorized into
modular pipelines and monolithic end-to-end learning approaches. Both
approaches are contrasted at a conceptual level in Figure 1.1. The mod-
ular pipeline is the standard approach to autonomous driving, mostly
followed in the industry. The key idea is to break down the complex
mapping function from high-dimensional inputs to low-dimensional
control variables into modules which can be independently developed,
trained, and tested. In Figure 1.1 (top), these modules comprise low-level
perception, scene parsing, path planning, and vehicle control. However,

3
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4 Introduction

Steer

Gas Brake

Sensory Input

Modular Pipeline

Path
Planning

Vehicl e
Control

Scene
Parsing

Low-level
Perception

Steer

Gas Brake

Sensory Input

End-to-End Learning

Neural
Network

Figure 1.1: Approaches to self-driving. Classical modular pipeline (top) vs.
monolithic end-to-end learning approach (bottom). See text for details.

this is just one particular example of modularizing a self-driving stack
and other or more fine-grained modularizations are also possible. Exist-
ing approaches typically leverage machine learning (e.g., deep neural
networks) to extract low-level features or to parse the scene into indi-
vidual components. In contrast, path planning and vehicle control are
dominated by classical state machines, search algorithms, and control
models.

The major advantage of modular pipelines is that they deploy human
interpretable intermediate representations such as detected objects or
free space information which allow gaining insights into failure modes of
the system. Furthermore, the development of modular pipelines can be
easily parallelized within companies where typically different teams work
on different aspects of the driving problem simultaneously. Furthermore,
it is comparably easy to integrate first principles and prior knowledge
about the problem into the system. Examples include traffic laws that
can be explicitly enforced in the planner or knowledge about the vehicle
dynamics, which lead to improved vehicle control. Other aspects that are
more difficult to specify by hand, such as the appearance of pedestrians,
are learned from large annotated datasets.

A major drawback of modular approaches is the fact that human-
designed intermediate representations are not necessarily optimal for
the driving task, which typically includes aspects like safety, comfort,

Full text available at: http://dx.doi.org/10.1561/0600000079
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and time for reaching the goal. Moreover, most modules are trained
and validated independently from each other, making use of auxiliary
loss functions. Consider the problem of object detection as an example.
Most objects in the scene are not directly relevant for the driving task,
yet the learning algorithm is not informed about the relevance of each
object and therefore tasks a neural network to detect all objects with
equal importance. Thus, the network is wasting capacity on irrelevant
objects while not being able to detect the driving relevant objects with
the necessary accuracy. This demonstrates the difficulty of defining
appropriate intermediate representations and auxiliary loss functions.

An alternative to modular pipelines is end-to-end learning-based
models which try to learn a policy, i.e., a function from observations
to actions using a generic model such as a deep neural network. This
approach is illustrated in Figure 1.1 (bottom) and discussed in detail in
Section 15. The network parameters can be learned either via imitation
learning by replicating the behavior of a teacher or using reinforcement
learning by exploring the world and taking actions that are likely to
yield a high user-specified reward. However, reinforcement learning
approaches suffer from the credit assignment and reward shaping prob-
lems, are typically slow and can only be applied in non-safety-critical
simulation environments. Imitation learning, on the other hand, suffers
from overfitting and does not easily generalize to novel scenarios. Fur-
thermore, holistic neural network-based approaches are often hard to
interpret as they present themselves as “black boxes” to the user which
do not reveal why a certain error has occurred.

In this survey, we focus on perception for autonomous vehicles. In
particular, we discuss the perception-related modules of the modular
pipeline as well as end-to-end learning-based approaches. Other aspects
of the self-driving problem are discussed in related surveys: For ex-
ample, Winner et al. [716] put emphasis on driver assistance systems,
considering both their structure and their function. Similarly, Klette
[357] provides an overview of vision-based driver assistance systems.
They describe most aspects of the perception problem at a high level
but do not provide an in-depth review of the state of the art in each
task as we pursue in this survey. Complementary to our work, Zhu
et al. [798] provide an overview of environment perception for intelligent
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vehicles, focusing on lane detection, traffic sign/light recognition as well
as vehicle tracking. In contrast, our goal is to bridge the gap between
the robotics, intelligent vehicles, and computer vision communities by
providing an extensive overview and comparison, including works from
all three fields.

This survey is structured as follows: first, we provide a brief history
of autonomous driving, followed by an introduction to camera models
and calibration techniques. We then provide an overview of autonomous
driving-related datasets with a particular focus on perception before
surveying the relevant perception tasks and the state-of-the-art algo-
rithms for solving them. More specifically, we review object detection,
tracking, semantic (instance) segmentation, reconstruction, motion esti-
mation, and scene understanding techniques. Each section starts with
the problem definition, an overview over the most important methods
and main design choices, a qualitative and quantitative analysis of the
top-performing techniques on the most popular datasets, as well as a
discussion of the state of the art in this area. Finally, we provide an
overview of state-of-the-art end-to-end models for autonomous driving
before concluding this survey. To ease navigation, we also provide an
interactive online tool1 which visualizes the surveyed papers with an
interactive graph and additional information in an easily accessible man-
ner. We hope that our survey will become a useful tool for researchers in
the field of autonomous vision and lowers the entry barrier for beginners
by providing a thorough overview of the field.

1http://www.cvlibs.net/projects/autonomous_vision_survey.
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