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ABSTRACT OF THE THESIS

High-Fidelity Vehicle Detection, Positioning and Tracking with Infrastructure-Based
Fisheye Cameras

by
Jiahe Cao

Master of Science, Graduate Program in Electrical Engineering
University of California, Riverside, September 2023
Dr. Matt Barth and Dr. Guoyuan Wu, Co-Chairpersons

Urban expansion has necessitated the development of a more efficient transporta-
tion system, emerging technologies, and services of Intelligent Transport Systems (ITS).
ITS aim to offer innovative services for various transportation modes and traffic manage-
ment, empowering users with better information and facilitating safer, more coordinated,
and intelligent utilization of transport networks. This thesis specifically investigates detec-
tion based on infrastructure camera sensors, with a focus on fisheye cameras, which are
incompatible with conventional detection methods.

Two distinct approaches are proposed to address these challenges. The first em-
ploys a traditional method, Background Subtraction, enhanced with a multi-layer structure.
This method successfully detects vehicles throughout the whole day as the lighting condi-
tions and weather change slowly or dramatically. In the simulation experiment, compared
with state-of-the-art methods, our BS method demonstrates significant improvements by
6.22% in multiple object tracking accuracy (MOTA) and 1.71 pixels in multiple objects

tracking precision (MOTP).
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The second approach involves deep learning. While there have been numerous
attempts to apply deep learning to fisheye camera detection, the absence of a comprehen-
sive and large-scale fisheye image dataset often results in poor detection performance. To
overcome this issue, the second method generates a realistic-style dataset using a modified
AttentionGAN (a combination of CycleGAN and Transformer) with ground truth labels
produced by CARLA. Deep learning object detection techniques can be directly trained on
the generated dataset. This project employs YOLOvS as the detection network. The final
experiment demonstrates that the trained network effectively detects 100% vehicles in the
generated dataset and 16.78% vehicles in the real-world dataset which is superior to the
YOLOVS5 trained on the labeled CARLA dataset. The results verify the feasibility of using

style transfer for infrastructure fisheye camera sensing.
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Chapter 1

Introduction

1.1 Overview

This thesis focuses on Intelligent Transportation Systems (ITS) and aims to solve
and enhance the sensing system to address issues related to efficiency and safety. More
specifically, this thesis attempts to propose high-fidelity vehicle detection methods by infrastructure-
based sensing (in particular, fisheye cameras) in the urban intersection environment to bet-
ter monitor and manage the transportation system associated with safety, efficiency, and
environmental problems. Also, other traffic systems such as Emergency vehicle notification
systems, Variable speed limits and so on would benefit from real-time high-fidelity vehicle
detection greatly.

In this study, two kinds of vehicle detection methods are realized for the infrastructure-
based fish-eye camera. Each of them represents different technique routes. Both of them are
capable of detecting vehicles from the fisheye camera in real time. It should be noted that

the first method provides the necessary dataset for the second deep-learning-based method.



1.2 Motivation

1.2.1 Safety

Traffic safety is a crucial element in the pursuit of improving transportation net-
works around the world. As urban populations continue to expand and the demand for
efficient mobility increases, the need for innovative solutions to address traffic congestion
and accidents has never been greater. Intelligent Transportation Systems (ITS) hold the
key to revolutionizing traffic safety and enhancing the overall quality of life for millions of
commuters.

According to the California Office of Traffic Safety (OTS), in 2020, there were
3846 traffic fatalities in California. Furthermore, the OTS reports the 5-year rolling average
traffic fatalities to keep increasing from 2016 to 2020.

This alarming data highlights the urgent need for innovative solutions, such as
ITS, to minimize the risk of human error and create safer road environments. Also, ITS
can significantly reduce the number of traffic accidents and fatalities by using real-time
data to predict and prevent collisions. For instance, the US Department of Transportation
(USDOT) [4] has reported that Connected Vehicle technology, a critical component of ITS,
can potentially prevent or reduce the severity of up to 80% of non-impaired crashes.

Furthermore, ITS can play a crucial role in improving emergency response times,
which is vital for saving lives in the aftermath of a traffic accident. According to [5], rapid
ambulance response time is associated with a higher rate of survival. By utilizing I'TS to
manage traffic flow more effectively, emergency vehicles can navigate through congested

areas more efficiently, potentially saving countless lives.



1.2.2 Infrascructure-based Sensing

The trend of ITS shows the great demand for precise localization and reliable
information from different sensor sources. Thus, infrastructure-based sensing becomes a
hotspot for its various specifics and advantages.

Other than onboard sensing, infrastructure-based sensing has a wider perception
range. Owing to its fixed position, infrastructure-based sensing can be armed with high-
performance servers which provide the presence of excellent detection models and the ability
for accurate detection and localization. Also, the different information sources (on-board
and infrastructure-based sensing) are complementary to each other so they can work and
coordinate together for better detection, localization, and robustness.

Usually, infrastructure-based sensing is connected to the central server and the
detection result is broadcasted to the transportation system and users (vehicles, cyclists, and
pedestrians). Users (commonly vehicles) can locate themselves more precisely by combining
the self-GPS, and IMU with the detection result sent by the central server.

Inside infrastructure-based sensing, there are two main kinds of sensors, camera,
and LiDAR. Due to the widespread usage of road surveillance cameras, we choose cameras
as the sensor for perception. Thus, our methods can be applied in practice without too

much change to the hardware.

1.2.3 Deep Learning

The method we focus heavily on employing is deep learning, specifically its ap-

plication in computer vision, which has played a significant role in the development of



autonomous driving and Intelligent Transportation Systems (ITS). Object detection and
semantic segmentation are essential for autonomous vehicles, allowing them to perceive
their environment, detect vehicles, pedestrians, and cyclists, and accurately identify scene
details such as traffic lights and lane markings on the road. These advancements have
contributed significantly to enhancing the safety and efficiency of I'TS.

Apart from pure computer vision, deep learning also has been used on LiDAR
sensors to detect, track, and predict the movement of objects in 3D space, providing a more
comprehensive understanding of the environment for autonomous vehicles and ITS.

Other than the applications mentioned above, some methods focus on vehicle and
pedestrian behavior prediction via Recurrent Neural Networks (RNNs) and Long Short-
Term Memory (LSTM). These works predict the future behavior of vehicles and pedestrians,
enhancing the ability of autonomous vehicles to anticipate and avoid potential hazards.

Al-generated content, one branch of deep learning, although it is seldom mentioned
in ITS and autonomous driving, has gained much attention since 2021. Generative Pre-
training Transformer (gpt), especially ChatGPT in NLP has launched the next-generation
technique revolution since the amazing dialogue performance. Back to the vision field, Gen-

erative Adversarial Network (GAN) and stable diffusion are two major generative methods.

1.3 Main Contributions

This section simply illustrates and summarizes all works in this thesis and re-
lated contributions. A more efficient traffic system is required as cities continue to develop,

leading to the proposal of Intelligent Transport Systems. The aim of this system is to



provide innovative services related to different modes of transportation and traffic manage-
ment, enabling users to be better informed and make smarter use of transport networks
while increasing safety and coordination. This thesis specifically focuses on detection using
infrastructure camera sensors, particularly fisheye cameras, for which previous detection
methods cannot be used directly.

Two different methods were developed to solve this problem and they compose
a whole workflow as shown in Fig. 1.1. The first method is a traditional one based on
Background Subtraction, modified with a multi-layer structure, and capable of detecting
vehicles all day, irrespective of weather and illumination changes. In the CARLA experi-
ment, the method showed significant improvement in terms of MOTA and MOTP. In the
most complex scenario, the method outperformed the SOTA by 6.22% on MOTP and 1.71

pixels on MOTA.
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Figure 1.1: The whole workflow of infrastructure-based fisheye camera sensing.



e Develop a traditional fisheye camera vehicle detection method based on Background
Subtraction with a multi-layer structure. This method is able to separate vehicles
from video frames at the pixel level and obtain all vehicles’ positions at longitude and

latitude.

e Test this detection method with an ego-vehicle that can get its real-time position.

Deep learning is the focus of the second method, which aims to create a dataset
that has a similar distribution as the real world but is generated in a simulator (CARLA) to
address the issue of the lack of a large-scale labeled dataset for fisheye camera images. A real-
world style dataset with ground truth labels is generated using a modified AttentionGAN (a
combination of CycleGAN and Transformer). Deep learning object detection methods can
then be directly trained on the generated dataset, with YOLOV5 as the detection network
in this study. The experiment shows that the trained network can detect all vehicles in the
verified part of the generated dataset and some vehicles in the real-world dataset. Also,

this experiment verifies the feasibility of the workflow shown in Fig 1.1.

e Develop modified AttentionGAN to learn the real-world vehicles’ style and transfer
CARLA vehicle images into real-world vehicle images with the same ground truth

labels.

e Train and validate the YOLOV5 model with the generated real-world vehicle dataset

and test it in the real-world intersection scenario.



1.4 Structure of Thesis

The detailed structure of the thesis is shown in Fig. 1.2.
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Figure 1.2: Structure of Thesis

Chapter 1 briefly introduces two infrastructure-based sensing methods proposed
by this thesis and the motivation of these two methods. Chapter 2 reviews related research
fields including ITS, vehicle detection methods (onboard sensing and infrastructure-based
sensing), fisheye cameras, and deep-learning-based algorithms. Chapter 3 introduces a
traditional vehicle detection algorithm based on Background Subtraction. Chapter 4 focuses
on the Style Transfer of the traffic dataset by attention mechanism and GAN, and the deep-
learning object detection method is included in this chapter. Chapter 5 summarizes the
key takeaways of this thesis and presents future work related to infrastructure-based fisheye

camera sensing.



Chapter 2

Literature Review

Many studies have been conducted on the fisheye camera model, object detection,
and infrastructure-based sensing in the past few years. This chapter reviews necessarily

related information and studies.

2.1 Infrastructure-based Traffic Surveillance

As mentioned above, this thesis mainly targets at solving the infrastructure-
based sensing problem posed by the fisheye camera. Infrastructure-based traffic sensing
or roadside-based traffic sensing plays an important role in the Intelligent Transport Sys-
tems mentioned above. Infrastructure sensors are installed or embedded on the road or near
the road. Especially, vehicle-sensing systems may include the deployment of infrastructure-
to-vehicle and vehicle-to-infrastructure(Optional) electronic beacons for identification com-

munications.



2.1.1 Sensor Types

This section mainly introduces different types of roadside-based sensors according
to the basics of how they work.

The first traffic recorder, operated off a strip across the street was invented in
1937 [6]. Later on, vehicle detection loops, called inductive-loop traffic detectors were
invented. They should be embedded under the pavement and can detect vehicles passing
or staying above detectors. Due to their reliability, they are widely used at intersections or
along freeways, cooperating with traffic lights or ramp metering. When vehicles approach
detectors, traffic lights or freeway lights could switch on or off.

Wireless detection includes Bluetooth, WLAN, RFID, Ultra-Wide Band (UWB),
etc [7] [8]. All wireless detection requires a vehicle-side tag for roadside sensor perception.
When vehicles carrying on wireless devices pass through sensing devices along the road,
sensing devices are able to detect and perceive wireless devices or tags inside vehicles.

Bluetooth detection works in the 2.4-GHz ISM band. Bluetooth sensors are able
to detect tags within 30 meters which requires technologies for higher accuracy. Tradi-
tionally, Multi-sensors and Received Signal Strength Indicator (RSSI) analyses are used
here. Combined with Multi-sensor installation, it is able to calculate the tag’s location by
triangulation.

RFID is composed of RFID readers and tags, they are designed with RF-compatible
integrated circuits which can transmit electromagnetic waves. Readers can send also receive
radio frequency waves from tags, and the wave is modulated with identification informa-

tion. RFID tags are classified into two categories, passive and active. Passive RFID tags



work without a power supply. They reflect waves sent from RFID readers and modulate
signals with information. However, due to its working method, RFID readers cost much,
the reflected wave is weak and its valid reading distance is within 1-2 m. Active tags are
different from using batteries so they can receive and send electromagnetic waves. Because
active tags can send signals actively, they have a larger detection distance.

Ultra-Wideband (UWB) is a technology for transmitting information across a wide
bandwidth (>500 MHz). It allows communication on the short-range, high frequency (3.1-
10.6 GHz) with a low energy need by pulse position or time modulation. Time of arrival
(TOA)/Time Of Flight (TOF) and time difference of arrival (TDOA) could be used to
precisely locate tags at a very high precise accuracy (20 cm).

Video camera traffic surveillance is another well-spread infrastructure-based sens-
ing since video detection systems such as those used in automatic number plate recogni-
tion. The video from cameras is fed into computation units such as CPU, GPU, or FPGA
to analyze the content of the video image. Based on various video processing algorithms
and perception algorithms, infrastructure-based sensing is realized with even many com-
plex functions such as lane-by-lane vehicle speeds, counts, lane occupancy readings, and so
on. Also, unlike other traffic detection methods, video cameras do not require installation
directly into the road surface or roadbed, which is known as a ”non-intrusive” method.
These benefits enable infrastructure-based sensing based on cameras to be well-used in the
world. More unique cameras are reviewed according to the camera types and their working

principle.
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Fisheye camera is widely applied in Intelligent Transport Systems for its large
field of view. Compared to highways and rural roads, urban traffic situations can be more
complex and more challenging, especially at intersections, than those on highways and rural
roads. The large field of view enables the fisheye camera to capture more content than the
traditional pin-hole camera. However, the great edge distortion bought from the large field
of view leads to new challenges to existing object detection methods. More details about
the fisheye camera are introduced in Chapter 2.4.

The thermal camera [9] perceives environments through infrared and creates a
crisp image based on subtle temperature differences. It does not need any visible light
whatsoever as well as does not blinded by direct sunlight. Thus, it can work under extreme
conditions such as sun glare, headlights glare, or low light at night. The thermal camera’s
independence of lighting enables it to be widely applied in infrastructure-based sensing.

The event camera [10], also known as a dynamic vision sensor (DVS), is a type
of vision sensor that operates differently from traditional cameras. Instead of capturing
static frames at fixed intervals, event cameras detect changes in brightness at each pixel
and report these changes as they occur. They are therefore capable of capturing very fast
movements and can operate under a wide range of lighting conditions. The pixels of an
event camera operates independently and asynchronously, meaning that whenever there is
a significant change in light intensity at a particular pixel, an event is triggered, which
contains the coordinates of the pixel, the time of the event, and the sign of the change in
intensity. With its wide working range of light conditions and high-speed response, it is

ideal for detecting incidents such as accidents or road obstructions.

11



LiDAR [11], or Light Detection and Ranging, is an optical remote sensing technique
that measures the distance of a target by illuminating it with light, often a pulsed laser,
and measuring the reflected light. The differences in laser return times and wavelengths
can then be used to produce a digital 3-D representation of the target. Using LiDAR, it
is possible to obtain high-resolution point clouds that provide high-resolution images. As
a result, it can be used to measure distances and to draw maps. LiDAR is widely used to
monitor the speed and volume of traffic, identify individual vehicles, and detect incidents

such as accidents or traffic jams by scanning the road surface.

2.1.2 Comparison of Onboard Sensing and Infrastructure-based Sensing

According to the sensors’ installation location, sensors can be assorted into two
kinds, on-board and infrastructure-based. Also, most vehicle companies focus on onboard
sensing to realize automatic driving. The production models from vehicle companies are
armed with GPS, cameras, LiDARs, Rader, and other sensors in order to realize onboard
sensing. Prior knowledge of HD maps contributes to self-localization.

For onboard sensors such as video cameras, they are installed around vehicles so
as to cover all-around FOV. Benefiting from the large field of view, it is able to establish
a bird-eye view image for vehicles so drivers can notice any obstacles around the vehicles
which is commonly used in reverse gear.

Beyond that, onboard sensing has the below advantages.

e Onboard sensing has a low time delay of perception for ego vehicles.

e Onboard sensing perceives surrounding and the nearest objects directly.

12



Onboard sensing localizes itself directly.

Onboard sensing could independently work without communication to ITS

However, onboard sensing also has these limitations.

It is hard to upgrade sensors and computation ability for onboard sensing.

It is expensive and time-consuming to upload real-time raw data to the central server

of ITS

e The mobility working conditions of onboard sensing may bring instability to sensors

Because sensors are mounted on vehicles, it is expensive and difficult to update
sensors and computation platforms and optimize configuration. To address this problem, ve-
hicle companies launch several models every year to catch up the state-of-the-art techniques,
both in software and hardware. Although these companies may update the autonomous ve-
hicle system (detection, perception, communication, and so on), the past vehicles still can
not match the newest vehicles.

At the same time, the severe working condition (vibration and high speed) requires
automotive-grade sensors, which are high cost to manufacture and repair. For ITS, it is
difficult and high-cost to transfer huge amounts of raw data from onboard sensing to the
central server.

The aforementioned problems of onboard sensing limit ITS development. Thus,
V2X, IoT, and infrastructure-based sensing are introduced in ITS. Different from onboard

sensing, infrastructure-based sensing is position-fixed which brings so many benefits.

13



Infrastructure-based sensing always is precise and high-resolution.

Infrastructure-based sensing has large perception fields.

Infrastructure-based sensing is easy to be upgraded.

Infrastructure-based sensing has high transmission bandwidths to ITS.

The fixed position enables the high-resolution or performance sensors which can
not be used on vehicles because of the size to be installed on infrastructure. Benefiting from
the large sensor volume, these sensors have higher resolution, working frequency, and lower
noise than sensors used on vehicles.

Generally, infrastructure-based sensors are installed at a high height, etc on the
traffic light. The height gives a relatively large perception so only several infrastructure-
based sensors are sufficient to cover one specific scenario.

Also, infrastructure-based sensors are all upgradeable. For onboard sensing, on-
board sensors are designed to be small or thin and fit into the installation slot and they
are placed inside the vehicles commonly. Thus, it is hard and complex for onboard sensors
to upgrade. On the contrary, infrastructure-based sensors are installed on the surface of
infrastructure so they can be upgraded conveniently.

The last and most beneficial point is the high data transmission bandwidth. Due
to the fixed position, infrastructure sensors can be connected by Ethernet wire or other wire
communication which is reliable and high-performance on data transmission. The high data
transmission bandwidth enables the connection to the high-performance central server, and

numerous methods for data fusion, processing, and perception.
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2.2 Traditional Approaches to Vehicle Detection

Vehicle detection has been researched since the 1990s. In the past two decades, it is
widely accepted that two kinds of vehicle detection methods are developed in chronological
order. Traditional vehicle detection started in the 1990s [12]. Deep learning-based object
detection started in 2014 [13] and then occupies mainstream status. In this section, some
traditional and statistical methods including but not limited to object detection are reviewed

and introduced first, and then deep-learning methods are reviewed.

2.2.1 Feature Descriptor

Features descriptors are representations of images or image patches that simplify
the images by extracting useful information and removing unnecessary information. In
general, a feature descriptor describes the current window in terms of a high-dimensional
vector. The purpose of a feature descriptor is to extract unique features from an image so
that the algorithm can detect the same object regardless of whether the scene changes or if
the same object appears in another image.

Histogram of Orientated Gradients (HOG) [14] feature descriptor was originally
proposed in 2005, and HOG was used to detect pedestrians at that time. HOG is advanced
by its scale-invariant feature transform and shape contexts. To eliminate the influence of
scale and illumination, HOG descriptor is operated on a dense grid of uniformly spaced
cells and local contrast normalization is used to improve accuracy. Benefiting from the

scale-invariant, HOG can descript objects in different sizes.

15



Local binary patterns (LBP) [15] is another type of feature descriptor. It compares
the current pixel to each of its 8 neighbors. Where the center pixel’s value is greater than the
neighbor’s value, “0” is written to a vector. Otherwise, “1” is written. By this process, an
8-digit binary number is computed for the current pixel. Then, for all pixels in the current
window, the histogram which is a 256-dimensional feature vector of all 8-digit numbers
is computed. Same to the HOG descriptor, machine learning methods are used for post-
processing. In addition, other descriptors such as wavelet, Haar features, DPM features,
PCA, SIFT, and SURF are proposed for better performance. Generally, the combination
of features could improve the generalization ability of descriptors.

After feature extraction, machine learning such as K-nearest neighbors (KNN),
support vector machine (SVM), AdaBoost algorithm, and so on are used to classify objects.
Generally, the feature descriptor and machine learning methods traverse the full image to
extract features. However, generally most part of the image does not include vehicles. To
reduce the waste of computing power, region of interest (ROI) is used here for reducing

workload and improving real-time performance.

2.2.2 Background Subtraction and Optical Flow

For traffic scenarios, some specified methods are introduced for reference, such as
background subtraction and optical flow, in addition to object detection. In contrast to the
methods mentioned above, these two methods can only detect moving objects with a static
camera, which makes them ideal for traffic surveillance.

The background subtraction method [16] is widely used for detecting moving ob-

jects in static camera videos. By measuring the difference between the current frame and

16



the reference frame, also known as the ”background image” or ”background model”, this
approach can be used to detect moving objects. In general, the background image should
be a representation of the scene without any dynamic elements. To be able to adapt to
changing lighting conditions and geometry settings, it must be regularly updated.

The same as background subtraction, optical flow [17] can also be used to detect
moving objects in static camera videos. With optical flow, each pair of adjacent frames in
a video produces a vector field representing its velocities and directions. Moving objects
can be detected using image proposals such as image thresholds, filters, and morphological

transformations.

2.3 Deep Learning-based Approach to Vehicle Detection

Deep learning is a subfield of machine learning, which is an integral part of ar-
tificial intelligence (AI), and has been developed for about 50 years [18]. Applications of
deep learning include natural language processing, computer vision, speech recognition, and
various other tasks that require advanced pattern recognition capabilities. According to the
algorithm classification, deep learning algorithms include Convolutional Neural Networks
(CNNs), Recurrent Neural Networks (RNNs), Generative Adversarial Networks (GANs),
Deep Reinforcement Learning (DRL), and Attention mechanism (Transformer). Among
these algorithms, CNNs are the most commonly used algorithms in detection.

CNNs have gained significant success in object detection such as handwritten
numeral recognition and ImageNet competition since backpropagation [19] was introduced

in CNNs. Most deep learning methods for object detection are based on CNNs, and they
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can be classed into 2 categories, one-stage algorithms, and two-stage methods. Two-stage
methods generate all windows (bounding boxes) that include objects in the first stage, then
localize, minimize the bounding boxes, and also classify the correlated categories of objects
in the second stage. Two-stage methods include variations of CNN such as R-CNN [13], Fast
R-CNNJ20], Faster R-CNNJ[21], and so on. One-stage methods try to abandon generating
region proposals and refinement. This type of method such as YOLO [22] series and Single
Shot Detection (SSD) [23], realizes object identification and detection in one network for
simplicity. Two-stage methods are superior to one-stage methods in accuracy. However,
due to the complex structure, two-stage methods always require more time for inference, so
one-stage methods are used for real-time tasks which are important in traffic surveillance.

Other than target-level object detection, semantic segmentation can be used for
object detection too by assigning a label to each pixel in an image. Semantic segmentation is
more accurate and precise than target-level object detection. VGG [24], GoogleLeNet [25],
and ResNet [26] are some famous models in semantic segmentation. Both these networks
have two major parts, convolution layers, and fully connected layers. ResNet is meaningful
because it first proposes the residual block that can increase network depth hugely. Residual
blocks enable layers to learn new and different information rather than information from
encoded input and also overcome the vanishing gradients problem. Fully Convolution Net-
work (FCN) [27] then exceeds all previous models by replacing fully connected layers with
convolutional layers to output spatial maps instead of classification scores. These output
feature maps are then upsampled by fractionally strided convolutions to assign pixel-wise

labels.
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The transformer architecture, originally proposed for natural language processing
(NLP) tasks, has been applied in the Computer Vision field and has proven to be very
effective for different complex tasks such as object detection, semantic segmentation, and
Al-generated content. Transformers work on the principle of self-attention - the ability to
attend to different parts of the input when producing an output. For images, a common
approach is to divide the image into a set of patches and flatten each patch into a sequence
of vectors (generally by CNNs), each representing a different part of the image. Then, the
sequence of vectors is fed into the transformer.

A key part of the transformer architecture is the self-attention mechanism, which
allows the model to weigh the importance of different parts of the input when producing an
output. In the context of images, this means the model can focus on the parts of the image
that are most relevant to the task at hand. The significant advantage of transformers over
CNNs-based methods mentioned above is their ability to capture long-range dependencies in
the input data. In the context of images, this means they can understand the relationships
between distant parts of the image, which can be crucial for tasks like object detection. For
object detection, the transformer can be trained to output a set of bounding boxes and class
probabilities. Vision Transformers (ViT) [28] and DEtection TRansforme (DETR) [29] have

showcased how transformer mechanism could be effectively applied in object detection.

2.4 Fisheye Camera-based Vehicle Detection and Tracking

The fisheye camera differs from the normal camera because of its large field of view.

Generally, the fisheye camera has a 180-degree field of view so it can cover much more area
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than the normal camera. Thus, fewer fisheye cameras are needed for traffic surveillance or

self-driving vehicles. However, some problems are introduced in these application scenarios.

X1

Y1l

X1

Figure 2.1: Pin-hole model of normal camera

The fisheye camera has a different camera model rather than the pin-hole model.
In the pin-hole model Fig. 2.1, the intersection angle of incident light is the same as the
angle of the projection line and optical axis. They follow that

h_n (2.1)

f s
Most existing detection algorithms or datasets are based on normal cameras by
default. One reason is that there have been a great number of normal cameras installed on
the roadside for real-world applications. However, these algorithms can not be transferred
to the fisheye camera directly due to model differences. Thus, it is necessary to review and
study the fisheye camera model.
Commonly, there are two kinds of fisheye cameras. The first one is the circular

fisheye camera and the second one is the full-frame fisheye camera. The only difference is

the field of view. The full-frame fisheye camera crops the edge parts of the circular fisheye
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camera so only the central part is left. In this study, the fisheye camera is referred to as
the circular fisheye camera.

The fisheye camera model is different from the normal camera model as the angle
of the projection line and the optical axis are different from the angle of incident light. The
radius of the image point on the image plane has the following relationships to the angle of
incident light. Thus, it enables a fisheye camera to capture edge incident light of 90 degrees
incident angle into the field of view.

Here are the four widely used projection relationships for mapping the surface of
a half sphere to the image plane. As shown in figure 2.2, the mapping function gives R, the
position of the object from the center of the image, as a function of f, the focal length, and

0, the angle from the optical axis. 6 is measured in radians.
e Equidistant Fisheye R = f6
e Stereographic R = 2f tan g
e Orthographic R = fsin6
e Equisolid (equal-area fisheye) R = 2f sing

The nonlinear projection relationship brings great distortion and related problems.
Some model-based or learning-based methods such as YOLO, SSD, and Vision Transformer
are not suitable for fisheye camera surveillance because of the lack of pixel-wised labeled or
accurately labeled datasets and the distortion.

Another problem is that one object shows and scratches differently when it locates

in different directions in the fisheye camera’s view. In some fisheye camera scenarios, fish-
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Figure 2.2: Fisheye camera model (adopted from [1])

eye cameras are mounted vertically so that they face the ground. In such conditions, one
object in the left FOV will have a reverse scratch direction compared to the same object
in the right FOV although it keeps the same direction in the real-world coordinate. Rather
than the fisheye camera, the normal camera only has translation invariance. The perspec-
tive difference leads to the problem that some model-based networks cease to be effective.
Also, some data augmentation techniques which are commonly used for model training lose
efficacy too because of the translation variance.

The perception and detection methods for the fisheye camera are from those ap-
plied to the normal camera. Background subtraction is a kind of well-researched statistical

method for object detection.
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2.5 Style Transfer

Style transfer is a kind of software algorithm which manipulate digital images or
videos for different appearances or visual style. Before CNN was brought into this area,
the most relative research was image-based artistic rendering. Generally, two datasets are
compulsory, one is the input dataset and another one is a target-style dataset.

The first kinds of example-based style transfer algorithms were image analogies and
image quilting [30]. Both of them were based on patch-based texture synthesis algorithms,
such as Stroke-based rendering (SBR), Region-based Techniques, Example-based Rendering,
and Image Processing and Filtering.

SBR refers to a process of applying strokes (e.g, brush strokes, tiles, stipples)
on input images. SBR algorithms define the style or strokes inside the algorithms so one
algorithm refers to one style. They only need the input dataset and drop the style dataset,
but they are not capable of learning arbitrary styles, which is inflexible.

Region-based Techniques exploit the style transfer based on content. They try to
apply different strokes based on the shape of regions. The shape of regions is considered to
classify the content of regions. Region-based Techniques try to synthesize or incorporate
region segmentation, but they are still the same as SBR which one algorithm relates to one
style.

Example-based rendering aims to learn a mapping between an exemplar pair. Dif-
ferent from SBR, it is a supervised-learning algorithm. The training dataset is composed of
content images (unstyled) and the corresponding stylized images. Image-analogy algorithm

learns the transformation from the paired training dataset. The need for the paired dataset
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is critical and necessary. However, these kinds of datasets are unavailable in most times
and scenarios.

Image Processing and Filtering borrow theories from signal processing. It considers
images as signals and applies 2D Fourier transform, wavelet transform or other transforms
on images. Then it applies filters on corresponding results on the frequency domain and
combines different frequency results from the content dataset and the style dataset.

Later on, the neural network was introduced into this area. Leon Gatys proposed
Neural Style Transfer (NST) [31] by borrowing VGG-16 from object recognition.

NST assumes input image x and style image y. NST tries to extract content
and style separately. z is fed into the network first. C(x) is the output sample, which
is called the ‘content’ of the input x. Style image y is then fed into the network. S(y)
is the output sample, which is called ‘style’. Content and style are sampled in different
parts of the CNN activation so it is possible to extract content and style respectively. The
synthesis image is p, and the target is C(p) = C'(x), S(p) = S(y). Here is the loss function
L(z) = |C(p) — C(z)| + k[S(p) — S(y)l.

The main principle of NST is to separate content and style independently. It also
assumes that arbitrary content can combine with arbitrary style.

Generative Adversarial Network (GAN) [32] was proposed by lan Goodfellow and
his colleagues in 2014 and also is used in style transfer. The main principle is that two
neural networks (generator and discriminator) contest with each other, and one agent’s gain
is another agent’s loss. Given two datasets and corresponding labels, the generator aims at

generating fake images that look like real images and the discriminator aims at recognizing

24



the generated fake images. Here are 2 players: the generator G and the discriminator D.
The generator’s strategy set is P(£2), the set of all probability measures pg on (2). The
discriminator’s strategy set is the set of Markov kernels pp : P — [0, 1], where P(2) is the
set of probability measures on [0, 1]. The GAN game is a zero-sum game, with the objective

function

L(pa, pp) = Eenpives ytipa) [Iny] + Eenpey~ppia 01—y (2.2)

Despite the self-contained principle and mechanism, the complex structure tends

to fail because of asymmetry training and suffers the following problems.

e Non-convergence: the model parameters oscillate, destabilize, and never converge

Mode collapse: the generator collapses and produces a limited variety of samples

Diminished gradient: the discriminator gets too successful that the generator gradient

vanishes and learns nothing

Imbalance between the generator and discriminator causes overfitting

GAN is highly sensitive to the hyperparameter selections

Apart from the problems mentioned above, GAN always learns ”unwanted” styles
from the background. Thus, to overcome these problems as well as for better transfer ability,
attention mechanism [33] [2] is introduced in CycleGAN. Attention mechanism enables
networks to distinguish foreground from background so

Attention mechanism has been proposed to improve the performance of encoder-

decoder models for machine translation. As a result of the attention mechanism, the decoder
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is able to utilize the most relevant parts of the input sequence in a flexible manner, by
weighting all of the encoded input vectors, with the most relevant vectors being given the
highest weights.

Recurrent Attention Model (RAM) [34] first introduced attention mechanism into
vision. By applying a policy gradient, RAM embedded with attention mechanism re-
currently predicts the important regions and updates the entire network. Later on, self-
attention [33] was first proposed and rapidly provided great advances in the field of natural
language processing (NLP). Then self-attention was introduced to computer vision by novel
non-local network [35] with great success in video understanding and object detection. Self-
attention shows its ability to distinguish target zones and their properties with attention
scores. AttentionGAN [2] introduced self-attention into CycleGAN in order to better dis-
criminate targets from the background and transfer the style of targets. The structure of

AttentionGAN is shown in Fig. 2.3.
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Figure 2.3: The structure of AttentionGAN, (adopted from [2])
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Two generators and two discriminators are included in AttentionGAN. The pro-
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posed generator in AttentionGAN could generate attention masks and content masks as
shown in the figure. Generator G in the figure is composed of a parameter-sharing encoder
G, an attention mask generator G, and a content mask generator G.. GG, aims to extract
both low-level and high-level deep feature representations. G. aims to produce multiple
intermediate content masks. G, generates multiple attention masks. It should be noted
that both attention mask generation and content mask generation have their own network
parameters and will not interfere with each other. Also, generator G and F' are independent
so that they will not interfere with each other too.

The attention mask generator GG, aims to generate both n — 1 foreground atten-
tion mask and one background attention mask. This configuration allows the proposed
network to learn the novel foreground while preserving the background of input images at
the same time. One of the key points of success of the proposed structure is that it gen-
erates both foreground and background attention masks. This allows the model to modify
the foreground while simultaneously preserving the background.

It should be noted that the attention masks represent the weights of each content.

Thus the pixel-wise addition of attention masks should be 1. They follow the equation

Al = Softmax(mW}] + b)), for f=1,--,n (2.3)

where m is the feature map from Ge. The channel-wise softmax function used for
normalization can guarantee that the channel-wise (pixel-wise) weight addition is 1. In the
same way, content masks are reserved and extracted by Ge. N — 1 content masks represent

the foreground content. Content masks are generated by the equation
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CI = Tanh(mW}{ +0), for f=1,---,n (2.4)

In this way, the foreground content with the target style aligned with the original
background is synthesized.

Not only attention mechanism contributes to style transfer, but the transformer
network as a high-level structure of multi-head self-attention is also used in style transfer too.
StyTr? [36] uses transformer encoders to separate style from content and generate stylized
images by combining content with another style with transformer decoders. Also, content-
aware positional encoding scheme (CAPE) is proposed to learn the positional encoding based
on image semantic features and dynamically expands the position to accommodate different
image sizes and guarantees the style-transferred content still keeps the same position as it
is in the original image. Later on, STyle TRansformer (STTR) [37] tries to use ResNet-50
as the style/content extractor inversely and use transformer encoders to encourage style or

content to group together.

2.6 Game Engine-based Driving Simulator

As various methods are introduced above, it is necessary to build a solid and
powerful experimental platform to test methods. However, building a traffic experimental
platform costs high and is insecure while testing some potentially unstable methods which
propose a great need for driving simulators. Game engine-based driving simulators are
programs that try to replicate the experience of driving a vehicle as realistically as possible.

Different game engines provide different advantages when it comes to creating
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driving simulators. For instance, Unity and Unreal Engine are two popular engines used
in the creation of these simulators. They both support advanced physics simulations and

high-quality 3D graphics, which are essential for a realistic driving experience.

2.6.1 CARLA

CARLA is developed from the ground up to support the development, training,
and validation of autonomous driving systems. In addition to open-source code and pro-
tocols, CARLA provides open digital assets (urban layouts, buildings, vehicles) that were
created for this purpose and can be used freely. The simulation platform supports flexible

specifications of sensor suites and environmental conditions.

2.6.2 LGSVL

LGSVL Simulator is based on the Unity engine. The simulator has an API that
enables passing messages between the simulator and an Autonomous Driving stack (AD
stack) such as Cyber RT and Baidu Apollo, the two most popular open-source AD stacks.
The API is responsible for communication between the localization in the AD stack and
HD map inside LGSVL as well as the control system in AD stacks and vehicle simulation

in LGSVL. Also, LGSVL support supports creating, editing, and exporting HD Maps.
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Chapter 3

Vehicle Detection, Positioning and
Tracking based on Background

Subtraction

3.1 Introduction

Despite the emergence of deep learning-based CV approaches in recent years, con-
ventional inference pipelines remain popular, especially for roadside sensing, mainly because
they do not require labeled data and are more generalizable. One of the key steps along the
pipeline is background subtraction (BS), which is intended to separate moving objects (i.e.,
"foreground”) from stationary images (i.e., "background”). It should be noted, however,
that most existing BS algorithms are not capable of reliably separating stationary objects

from the background, which is a common scenario at signalized intersections. Additionally,
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to meet the requirement for 24/7 traffic surveillance, a dynamic BS strategy is required to
adapt to changing weather and lighting conditions.

Based on the Adaptive Frame Difference algorithm and modified Gaussian Mixture
Model (GMM), we propose a cascaded adaptive background subtraction algorithm. The
algorithm dynamically updates regions without objects and reserves regions with objects,
resulting in fewer background trials. Compared to previous BS algorithms, our method tries
to remove objects regardless of whether they are moving or not. As for the fish-eye camera,
which has gained much attention recently, some feature-based methods, such as LBSP and
LOBSTER, cannot separate the foreground from the background.

To validate the proposed algorithm, we apply it to both the CARLA simulation
environment and the real-world testbed. The major contributions of this study are summa-

rized below.

e Propose a hierarchical BS algorithm that can efficiently filter out temporally static

objects frequently observed in traffic scenarios at signalized intersections.

e Compare with state-of-the-art BS algorithms using both simulation and real-world

datasets.

e Create a fish-eye camera dataset with ground truth labels in CARLA simulator.
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3.2 Methodology of Dynamic Background and Contour-based

Detection

The key idea in this paper is to dynamically update the regions without objects
and reserve the regions with objects. Thus, the mask of foreground and background should
be used to choose which region needs to be updated. The masking strategy needs to be
carefully designed to balance system performance for updates between moving and static
objects, as well as for changes in illumination or environment. Some static objects will be
included in the background if the masking strategy is too aggressive. Nevertheless, if the
strategy is too conservative, some regions may remain the same even when the illumination

changes.

3.2.1 Cascade Structure

To address this problem, we propose a hierarchical strategy based on both Adap-
tive Frame Difference (AFD) and Gaussian Mixture Model (GMM). Neither AFD nor GMM
is capable of achieving satisfactory background subtraction results. The cumulative errors
in AFD may result in some image faults that cannot be updated in some regions; therefore,
a GMM may mix the objects and background together, and there may still be noise in the
generated background. In order to overcome the disadvantages of each method, we combine
these two methods into a cascaded structure, as shown in Fig.3.1, where AFD accounts for

choosing the updated region while GMM is responsible for updating the region.
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Figure 3.1: The cascaded structure

With the first (AFD) module, the primitive low-quality background y;; is obtained
with fewer foreground trails. In the second module, a GMM model g; is applied, which takes
the mask and defective background as inputs and generates a relatively clean background
y:2. The third module is another AFD module, in which the output 3 obtained from the
second GMM model g is used as the ”background” for obtaining the mask. This module
allows some mild blurring of shadows and vehicles as the result of go keeps being updated
directly. Its result has the same global color distribution as the ground truth. The trail
region from g is identified and updated with the background ;s from g1 by AFD. g3 can
bring more robust information to the background in the color space while keeping the detail
in y0. The output 144 is fed into the third GMM model g3 and the final background y; can

be obtained. The detailed function of each module, i.e., AFD or GMM, is introduced in the

rest of this section.
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3.2.2 Adaptive Frame Difference (AFD) Module

The existing AFD methods only update the region without moving objects, which
does not remove static objects. We, therefore, change it to update the region without
objects. To obtain a mask of the foreground M, we compare the current frame I to the
current background B and use threshold truncation to obtain a mask of the background

M. It should be possible to exclude objects from the reverse of mask Mj,.

d = (BR—IR)2+(BG—IG>2+(BB—IB)2

M = Threshold(d) (3.1)

My, = M

Then the updated region and maintained region can be obtained and updated by

Bhewpg = (L =1r)B - Myg +1r - I - My,
Bhew.fg = B-M (3.2)
B = Brewbg + Bnew,fg
The AFD module is designed to remove objects. However, experiments indicate
that the AFD module has a relatively low tolerance for illumination changes, noise, and
moving objects. A high threshold will include the edges of some objects; a low threshold
will not include camera noise and illumination. In order to compensate, a GMM module is

applied following the AFD module.
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3.2.3 Gaussian Mixture Model (GMM) Module

In the GMM module, N Gaussian distributions are used to model the distribution
of pixels inside the image, and each Gaussian represents a different feature or texture within

the image. The likelihood of a pixel being a background pixel is:

N
- On — 5 (Tt—pn) T2 (Te—pn)
P(L) = —————————exp 2VtTH n tTH 3.3
n=1

where a, is the associated weight for the n-th Gaussian component and >, = 1.
For computational simplicity, the covariance matrix, >,, is set to be diagonal because the
R,G,B channels are assumed to be independent.

The standard deviation and mean of the measurements are used to determine if the
pixel is the background. If all channels’ values (RGB) are within the threshold ||Z; — pp|| <

ko, the pixel is regarded as the background. Next, the model of the background is updated

by

a, — (1—08)a, +6

iy = (1= py )iy, + P Za
(3.4)

o = (L= 0)an + pu(Ze — i) (2 — )

pn = TN (Zil i, 0,)
where p is an updating parameter and alpha is the user-defined learning rate. In this step,
the weight of the background model is strength and the other models’ weight is shortened
by oy, + (1—a)ay,. If the pixel is judged as foreground, the models are initialized as current

measurement o, = 0, fty, = Z, 02 = 0.
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Algorithm 1: Algorithm for Modified GMM

Input: Initialized Background Xy, Current Video Frames x;, Learning Rate Ir

Output: Background y;

10:

11:

12:

13:

14:

15:

. if (start video) then

set y;—1 = Xo

end if

Calculate pixel-wise distance di = (' — yf* )2 + (2F — 3% )2 + (2P —yP |)?
Apply threshold function to get the binary mask. m) < Threshold(d,)

Fill the inner holes in the mask and apply image morphology transformation on the
mask. my < MorphoTrans(m))

Update the background region by y} = (1 —I7) - y;_1 - my + Ir - 7, - My, while the
foreground region keeps as last background.

Yr2 < 91(ye,1)

For k iterations, y; 3 < g2(z)

Calculate pixel-wise distance dy = (yf5 — yfh)? + (v — ya)? + (U — yih)?

Apply threshold function to get the binary mask. m/2 < Threshold(dy)

Fill the inner holes in the mask and apply image morphology transformation on the
mask. my < MorphoTrans(m.)

Update the background region by y} = (1 —Ir) - Ye,2 - Mo +Ir - y; 3 - ma, while the
foreground region keeps as last background.

Yt 93(y7)

return the background y;
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3.2.4 Contour-based Detection, Localization, and Tracking

Contour-based Detection

After adaptively generating the dynamic background, contours representing the
detected objects can be calculated by subtracting the current frame from the background.
Sometimes, the adjacent vehicles have conglutination which leads to bad detection. To fur-
ther purify the detection result, post-processing is needed. First, the morphology transform
is used to remove the burr, glitch, and some slight conglutination. Concave point detection
is then used to eliminate severe conglutination. If a contour has more than one concave
point and its size and shape satisfy the predefined threshold, the contour is identified as a
conglutinated one. Finally, we connect the two most concave points so that the contour is

cut into two sub-contours.

Localization

It is not possible to calculate the speed and orientation of the vehicles using only
the detected position information because of the camera distortion and projection error. As
a result, we use the average contour optical flow to represent the movement of the vehicles.
The optical flow of feature points (e.g., SIFT or Shi-Tomasi corner), which leads to unstable
results, should be tracked using a dense optical flow calculation. The dense optical flow
calculation is computationally demanding and is not suitable for real-time applications.
During this process, we downsample raw images in order to speed up the process without

compromising accuracy.
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As illustrated in the previous subsection, object detection is based on a contour
representation of the object. In this case, the contour center can be determined by calculat-
ing the center of the minimum bounding rectangle of the contour. Ideally, if the vehicle is
right under the camera, the contour center point (the yellow point in Fig.3.2) should align
well with the chassis center point (the green point in Fig.3.2). In spite of this, we cannot
use the contour center directly to determine the position of the vehicle due to the projection
effect of the camera. As shown in Fig.3.2, the positioning error of a point with height h is
given by M, where H is the height of the camera. Assuming a vehicle is a cube,
a BEV camera can see around half of the vehicle outline pixels on the ground, which does

not have any positioning error (h=0). Therefore, the overall positioning error of a vehicle

can be approximated by equation 3.5.

Contour center

Chassis center

dpersp ective

Figure 3.2: Chassis center estimation
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The average projection height of a vehicle h is approximated using equation 3.6

hmax + hmzn
2

hmaz - hmzn
p = —mar _ Tmin

5 |cos (6 — )| +

(3.6)
(0, ¢) = card2pol(x,y)

where 6 is the position angle in the camera coordinate, and ¢ is the yaw angle
of the vehicle calculated from the previous step. hper and A, are the maximum and
minimum heights of a vehicle, respectively, which are the predefined parameters.

Point projection is the next step, aiming to project the corrected center points to
the world coordinates using the calibrated camera parameters and the Haversine formula-
tion. Based on the assumption that a road surface is a plane in 3D space, we project the
points from the image plane into the plane of the road surface in camera coordinates. As

a result, the Haversine formulation 3.7 gives the projection between two points’ longitudes

and latitudes as a function of their great-circle distance.

A1 — A2

d = 2r arccos (\/sin2 (W) + cos 1 cos g sin? ( ) (3.7)

Tracking

Our object tracker is based on the DeepSort algorithm, one of the most popular
methods for tracking objects in real time. Since the algorithm requires the bounding box of
the detected objects as input, we calculate the minimum bounding rectangle of the contours.

Due to this, all bounding boxes are assigned consistent IDs by the tracking module.
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3.3 Experiment

In order to validate the performance of the adaptive cascaded BS algorithm, we
conducted experiments both in a simulation environment and in the real world. Moreover,
we focused on background subtraction on fish-eye cameras that are already installed on the
real-world testbed in this study. Comparison of the background mask with the ground truth
background is an effective method of measuring the performance of the system. However, it
is difficult to obtain real-time ground truth at the pixel level in a real-world setting. Thus,
we use the simulation-based dataset from CARLA for the quantitative analysis, where the
ground truth of the pixel-wise segmentation is available.

For the real-world experiment, a fisheye camera is installed at a real-world intersec-
tion of University Avenue and Iowa Avenue in Riverside, California, to obtain a continuous
video stream of traffic. In order to provide the broadest coverage of intersections and roads,
the fisheye camera is angled vertically to the ground.

Furthermore, fisheye cameras have a unique field of view (FOV) and distortion
that causes objects at the edge of the image to appear stretched. As a result of these
features, feature-based methods also fail to perform well. It is imperative and necessary
to calibrate fisheye images. Furthermore, wide FOV lens distortion calibration cannot be
applied to fisheye cameras as they have a relatively narrow FOV (generally 120). In fact,
fisheye camera calibration is mature and widely used. We use fisheye camera calibration in

both the simulation dataset and the real-world dataset in our experiment.
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3.3.1 Simulation Experiments

In order to examine the feasibility of the proposed algorithm, we first imple-
mented it in a CARLA-based simulation environment. During the simulation, we used
the TownlOHD map provided by CARLA, which illustrates a typical urban arterial net-
work with a few signalized intersections. One intersection was selected in this map for the
purpose of collecting video frames at the traffic light where vehicles may stop to wait for the
signal to turn green. In the simulation environment, 32 vehicles were randomly spawned
on the map and traversed the intersection at random. Additionally, since CARLA does
not have a ready-to-use fish-eye camera model, we adopted a transformation method called
cubic2fisheye to create fish-eye video by combining multiple regular cameras from different

perspectives. The frame rate is 10 frames per second and the resolution is 960 by 960 pixels.

Environment Setup: Cubic to Fisheye

As shown in Fig. 3.3a, five cameras are placed at the same position at different
angles in order to capture images of the surfaces of the cube. Each of these five cameras is
located in the center of the cubic structure and faces the five sides, except for the bottom.
To ensure that each camera’s field of view (FOV) is not overlapped or deficient, we set the
field of view (FOV) of each camera to 90 degrees, allowing the images from all cameras to
be aligned. In this configuration, the cubic camera is able to obtain RGB information from
every direction except the bottom one.

After that, we projected every pixel from the top half of the cubic surface onto a

hemispherical surface. We then applied a polynomial fitting model to project this transfor-
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mation onto a 2-D plane. Fig. 3.4 shows the relationship between azimuth angle and radius

on the 2-D plane, which is considered a polynomial fitting model:

r(0) = k10 + k260® + k30 + ks07 + ks56° (3.8)

As is shown in Fig. 3.3b, the fish-eye image can cover 180 degrees of FOV. The

outer blue circular ring is the sky which means this image includes an all-direction skyline.

-".

(a) The sewed-up cubic camera im- (b) Fisheye image
age and there is no edge error be-
cause of 90-degree FOV

Figure 3.3: Cubic to Fisheye

Results and Analyses

To measure the detection and tracking performance of the proposed method, two
experiments are needed. For the detection part, other state-of-the-art BS-based detection
algorithms such as GMM, ViBe, PBAS, LOBSTER, as well as SuBSENSE are compared

with this method at the pixel level. For object tracking, Multiple Object Tracking Precision
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Figure 3.4: The cubic camera model and the hemisphere

(MOTP) and Multiple Object Tracking Accuracy (MOTA) are adopted as the metrics.
Fig. 3.5 shows a sample frame with a synthesized fish-eye image, ground truth
label, and the BS results obtained using the proposed algorithm, the GMM algorithm, ViBe,
PBAS, and LOBSTER. For the CARLA dataset, we adopted the confusion matrix as the
metric. The generated foreground masks were compared with ground truth labels at the
pixel level after applying the BS algorithms. The overlapped and non-overlapped pixels are
obtained for each frame in order to determine the confusion matrix. Then the True Positive
(TP), False Positive (FN), True Negative (TN), and False Positive (FP) are normalized and
averaged across all the pixels in the dataset along the entire simulation time span. Other
induced metrics, including precision, recall, FPR, FNR, and F-Measure are introduced for

comparison.

e Precision (Pr): TP/(TP+ FP), larger is better

Recall (Re): TP/(TP+ FN), larger is better

False Positive Rate (FPR): FP/(FP+ TN), smaller is better

False Negative Rate (FNR): FN/(FP + TN), smaller is better
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e Percentage of Wrong Classification (PWC/PBC) : 100- (FP+ FN)/(TP+ FN+ FP+

TN), smaller is better

o F-Measure (F1): (2- Pr- Re)/(Pr+ Re), larger is better

By segmenting the fish-eye camera, the ground truth labels (foreground masks)
exclude vehicles’ shadows. Most BS algorithms cannot distinguish shadows from objects,
so shadows are regarded as part of objects. It is for this reason that the FP values are so
high.

Table 3.1 shows that our method is able to significantly retain and subtract static
foreground, whereas other methods may recognize some objects as background. Therefore,
our method has a lower FN and a higher recall than all other methods. Our method shows
better TP and FN than SOTA (LOBSTER). According to one hypothesis, LOBSTER may
be influenced by distortion from the fish-eye camera and may identify some foreground in
the edge region as background since it is a feature-based method. It should be noted that
this study conducted measurements at the pixel level. Despite the fact that the average
precision is not very high, it is sufficient for applications requiring accurate detection and
localization. As a result, our method outperforms LOBSTER in terms of F-Measure (a
comprehensive metric) by 0.2096, demonstrating its superiority.

The tracking performance is shown in Table 3.2, where MOTA is measured in
pixels. The method proper in this thesis achieves the best performance in all scenarios for
all metrics. Also, because all other methods fail when vehicles stop at the intersection for

the red light, MOTP and MOTA only measure the frame when vehicles are moving.
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(a) Ome frame of (b) Ground truth  (¢) Our method (d) GMM
CARLA dataset label

(f) PBAS (g) LOBSTER

Figure 3.5: CARLA dataset and experiments

3.3.2 Real-world Experiments

In order to evaluate the performance of the system under dynamic illumination
and weather conditions (e.g., windy), video clips were obtained from the fish-eye camera
installed at the intersection of University Avenue and lowa Avenue in Riverside, California.
This video clip lasted for seven hours and was collected between the hours of early morning
and late afternoon on February 21, 2022. Approximately half of the dataset was collected
under cloudy conditions, while the remaining half was collected under sunlight conditions,
so both shadows and sunlight variations are included. The frame rate is 10 FPS and the
resolution is 960*960.

Fig.3.6 illustrates a sample frame taken at 35 seconds showing an undistorted image
and the BS results of the proposed algorithm, GMM algorithm, as well as the ViBE algo-

rithm. However, despite the challenge of quantifying performance with real-world datasets,
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Table 3.1: BS-based detection performance on simulation environment

Method TP FN TN FP Precison || Recall
Our Method || 1.242% || 0.415% || 98.243% 0.618% 0.668 0.750
GMM 0.265% 1.426% || 98.665% | 0.196% 0.575 0.157
ViBe 0.509% 1.182% || 98.665% | 0.206% 0.712 0.301
PBAS 0.662% 1.029% 98.37% 0.489% 0.561 0.392
LOBSTER 0.616% 1.075% 98.665% 0.206% 0.749 0.364
Method FPR || FNR | PWC/PBC || F-Measure | FPS
Our Method || 0.006 || 0.004 0.010 0.707 8.569
GMM 0.002 || 0.014 0.016 0.250 23.898
ViBe 0.002 || 0.012 0.014 0.430 29.689
PBAS 0.005 || 0.010 0.015 0.470 8.44
LOBSTER 0.002 || 0.011 0.013 0.497 3.297

Table 3.2: Vehicle tracking performance on simulation environment

Method MOTP || MOTA
Our Method || 82.11% 9.94

GMM 29.04% || 14.49%
ViBe 80.25% | 10.49%
PBAS 49.06% | 12.96%

LOBSTER 75.36% | 10.68%

the visualization results indicate that our method remains reliable to identify vehicles wait-
ing at signals, trees swaying in the wind, and rapid illumination changes as clouds move.
Due to iterative updating, none of GMM, ViBe, PBAS, or LOBSTER can detect tem-
porally static objects. They may consider such vehicles as background. The longer the
vehicles wait, the more likely they are to be classified as background. Due to the lengthy
initialization process, LOBSTER also includes some edge blobs in the foreground masks.

Fig.3.7 illustrates a sample frame of shadow variation after 5.05 hours and the
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related BS results of the proposed algorithm. Using our method, shadow and illumination
variations are successfully recovered into the background, along with separating vehicles
from the frame regardless of whether they are moving or idling. Shadows can also be
recovered with other methods, but many stationary vehicles or slowly changing vehicles
are included in the background. Furthermore, our method can process real-world datasets

in real time. GMM, ViBe, and PBAS can also meet the real-time requirement, while

LOBSTER takes 3 times as long as our method.

(a) One frame of real-world (b) Our method (¢) GMM
dataset

(d) ViBe (e) PBAS (f) LOBSTER

Figure 3.6: Real-world dataset and experiment results (at the 35th second)

Apart from the experiment about the background, we also do an experiment about
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(a) One frame of real-world (b) Our method
dataset

(d) ViBe (e) PBAS (f) LOBSTER

Figure 3.7: Real-world dataset and experiment results (at the 18,180th second)

the quantitative performance of detection. Since it is difficult to the ground truth position
of all the vehicles in public traffic, the quantitative performance is only measured for the test
vehicle. The test vehicle is a connected vehicle equipped with Real-Time Kinematic (RTK)
GPS device. RTK system can achieve centimeter-level accuracy at the target intersection.
Therefore, in this research, it is used for acquiring the real-world ground truth location.
Fig. 3.8 shows all vehicles’ bounding boxes and locations in one frame and the
memories of all vehicles’ locations as trajectories with a static background. All vehicles’
locations are searched for their one-to-one nearest locations in the last frame so as to track

vehicles.
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Fig.3.9 shows the collected trajectory of the ego vehicle from both the Dynamic
Background detection and the RTK ground truth. As can be seen from the figure, the
detection points (in red) align well with the ground truth (in blue). It should be noted that
the average processing time of the RSPU is 90ms, and the communication delay from the

RSPU to the connected vehicle is 160ms.
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80 60 40

East

Figure 3.9: Trajectory of the ego vehicle, ground truth in blue and detection in red

The tracking performance is shown in Table 3.3. Detection accuracy is at its
highest within a 10-meter range. However, as the detection range increases, the accuracy is
expected to decrease due to radial distortion. This decrease in accuracy can be attributed
to factors such as communication delay and the characteristics of the intersection being
monitored. For instance, the average speed between 30-40 meters is higher than between

20-30 meters and 40-50 meters, as there is no stop line in the former range. As a result, the
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Table 3.3: Quantitative results of real-world experiment

Range(m) Overall || 0 10 || 10 20 || 20 30 || 30 40 || 40 50 || 50
Accuracy (m) 2.28 1.22 | 2.11 2.85 3.02 2.16 || 2.31

detection accuracy within the 30 to 40 meters range is lower than in the other ranges.
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Chapter 4

Vehicle Detection, Positioning and

Tracking based on Deep Learning

4.1 Challenges of Deep Learning-based Approaches for Fish-

eye Camera

Although object detection based on deep-learning methods has been put into prac-
tice and gained much success on the normal camera, it fails to be transferred to the fish-
eye camera. The great distortion caused by the wide FOV of the fisheye camera leads
to the failure that previous CNN-based methods can not be applied to detection because
these methods assume that the geometric transformation of the camera is fixed and known.
Meanwhile, rectangular bounding boxes are not appropriate to localize objects in the fish-
eye camera for the objects being stretched along the circumference. [38] proposes a generic

polygon representation that can better approximate contours in fisheye images by polygon
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representations in the loss function. FisheyeDet [39] designs a No-prior Fisheye Represen-
tation Method to extract valid distortion features and construct an effective fisheye feature
pyramid adaptively. It also tries to integrate distortion features representations learning
and tighter bounding box locations refinement into the detectors.

Another critical problem is the lack of annotated fisheye-camera dataset. FisheyeDet
synthesizes a fisheye-camera dataset (VOC-Fisheye dataset) by transforming PASCAL VOC.
However, the VOC-Fisheye dataset is transformed from a rectangle images dataset into
round fisheye images dataset by radial distortion [40]. This transformation can not guaran-
tee the same distortion along different radial directions. The distortion along the diagonal
direction in rectangular images is greater than in other directions. Thus the simple transfor-
mation from normal images to fisheye images in this dataset is insufficient and untruthful.

To detect vehicles in fisheye images by deep-learning methods, a well-annotated
fisheye-camera dataset is required for training. In this thesis, this target is realized by
style transfer. For more detail and reality, the hemisphere model and polynomial projection
model are used for synthesizing annotated CARLA fisheye-camera images which have been
introduced in Chapter 3. It should be noted that all images are calibrated from fisheye-
image into bird-eye view images and all follow-up works or processes are down in the bird-
eye view images so that previous deep-learning methods can be directly used for training
and inference without distortion in fisheye-images. Meanwhile, another real-world vehicle
dataset also is obtained by the Dynamic Background mentioned above. After collecting
these two datasets in CARLA and the real world, it is feasible to synthesize another dataset

that looks like real-world vehicles but still has ground truth labels by style transfer. Then
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a YOLOV5 detection network is trained by the synthesis dataset for real-world vehicle

detection.

4.2 Style Transfer by GAN

As the problem is the lack of annotated fisheye-images dataset, this section aims
at synthesizing an annotated calibrated fisheye-images dataset by style transfer. Thus deep-

learning detection methods can be directly applied.

4.2.1 Obtaining Dataset

It is necessary to obtain two symmetrical datasets with the same content but
different styles for style transfer. For the simulation dataset, CARLA provides the segmen-
tation camera which can directly save semantic segmentation images but only the normal
FOV segmentation camera is available. In the same way, mentioned in the Chapter 3
experiment, fisheye semantic segmentation images are synthesized from five semantic seg-
mentation cameras which have the same location and orientation as cubical cameras in
CARLA. After calibration, pairs of images including the raw image as Fig. 4.1a and the
semantic mask as Fig. 4.1b could be collected from CARLA. By simply covering up all
other parts of the image, vehicle contours could be extracted from raw images as shown
in Fig. 4.1c. For more reality, the vehicle contours images are all rotated in a direction
that is the same as the real-world fisheye camera. Also, CARLA provides the APIs of all
vehicles’ locations and the length/width of the bounding box. After screening out vehicles

out of image perspective and normalizing vehicles’ location, ground truth labels of vehicles
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are collected for each calibrated image. Through this approach, the first CARLA vehicle

dataset is obtained.

. -
o
4
a
(a) One bird-eye view image of Carla (b) Semantic segmentation of bird-
dataset eye view image

(c) Vehicles of bird-eye view image (d) Vehicles of real-world image

Figure 4.1: The process of obtaining CARLA vehicle dataset and real-world style vehicle
dataset

Dynamic Background mentioned above can obtain the vehicle mask, so real-world
vehicle contour shown in Fig. 4.1d can be obtained by covering up the ground in the same

way.
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Style transfer refers to a class of algorithms that manipulate images or videos to
adopt the appearance or visual style of another image. Since GAN is developed in the form
of a zero-sum game with two agents, its unique structure results in its good performance in
style transfer. The two agents (generator and discriminator) may compete with each other
for more detail and better style representation. Variations of GAN, such as DCGAN [41],
PGGAN [42], StyleGANV1 [43], StyleGANV2 [44], and SAGAN [45] all focus on generating
stylized images.

One milestone in the development of GAN is CycleGAN [3] as shown in Fig. 4.2,
it firstly proposes a symmetric structure that includes two GANs (F and G) and introduces
cycle consistency loss into GAN. Each GAN targets transferring style from style A to style
B or from style B to style A. Apart from the traditional GAN loss function, CycleGAN

designs cycle consistency loss of image x and the cycle generated image F(G(z)).

v

G

v e
S i P n o W e

G
X /_\ Y X ./_ Y X Y cycle-consistency
F loss O] <__/.

Figure 4.2: The mapping functions of CycleGAN, forward cycle-consistency loss and back-
ward cycle-consistency loss (adopted from [3])

However, most CycleGAN variants [46] [47] [48] [49] [50] [51] can be easily affected
by unwanted content and cannot focus on the most discriminative semantic part of images
during the translation stage. Usually, unwanted contents are transferred style too which

leads to bad visual effects while the loss function in GAN indicates the training has conver-
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gence. HEspecially those methods focus on transferring the style of one main body in each
image while this section focuses on transferring the style of multiple objects in each image.

In this study, multiple vehicles and a static background require the discriminating
ability of style transfer algorithms. Thus, a technique of distinguishing the wanted part and
the unwanted part is needed here. Attention mechanism which has been reviewed before
fulfills the discrimination need precisely. AttentionGAN [2] introduced self-attention into
CycleGAN in order to better discriminate targets from the background and transfer the
style of targets. Based on AttentionGAN, one style transfer algorithm is introduced for

transferring CARLA vehicles into the real-world side with ground truth labels.

4.2.2 Network Structure

The proposed method is based on AttentionGAN. AttentionGAN is derived from
CycleGAN so it is symmetrical too. Two generators and two discriminators are included in
AttentionGAN. The proposed generator in AttentionGAN could generate attention masks
and content masks as shown in the figure. Generator G in the figure is composed of a
parameter-sharing encoder G., an attention mask generator GG,, and a content mask gen-
erator G.. G, aims to extract both low-level and high-level deep feature representations.
G aims to produce multiple intermediate content masks. G, generates multiple attention
masks. It should be noted that both attention mask generation and content mask gen-
eration have their own network parameters and will not interfere with each other. Also,
generator G and F' are independent so that they will not interfere with each other too.

The attention mask generator GG, aims to generate both n — 1 foreground atten-

tion mask and one background attention mask. This configuration allows the proposed
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network to learn the novel foreground while preserving the background of input images at
the same time. One of the key points of success of the proposed structure is that it gen-
erates both foreground and background attention masks. This allows the model to modify
the foreground while simultaneously preserving the background.

It should be noted that the attention masks represent the weights of each content.

Thus the pixel-wise addition of attention masks should be 1. They follow the equation

Ag = Softmax(ij; + bﬁ), for f=1,---,n (4.1)

where m is the feature map from Ge. The channel-wise softmax function used for
normalization can guarantee that the channel-wise (pixel-wise) weight addition is 1. In the
same way, content masks are reserved and extracted by Ge. N — 1 content masks represent

the foreground content. Content masks are generated by the equation

Cf = Tanh(mW} + b)), for f=1,---,n (4.2)

In this way, the foreground content with the target style aligned with the original
background is synthesized.

However, the structure of AttentionGAN is much more complex and redundant
for transferring the CARLA vehicle to the real-world side since the masks of vehicles are
available in CARLA and the real-world side.

As shown in Fig. 4.3, the modified AttentionGAN takes a three-channel RGB
image and its vehicle mask as input and outputs N-1 content masks, thus we fuse all of

these masks and the input image to produce the final results. The generator architecture
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Figure 4.3: The structure of modified AttentionGAN

and the vanilla discriminator architecture are employed from CycleGAN.

The modified AttentionGAN simplifies the generator and abandons the atten-
tion mask generator. After reshaping and normalization, the vehicle masks collected from
CARLA or the real world can be treated as attention masks of the foreground which are
vehicles in images. It should be known that in this section, the background is omitted in
style transfer but will be merged in the later synthesizing dataset process. The generated

image follows this equation.

G(x) =) (Cay) (4.3)

4.2.3 Loss Function

To better regularize mappings, CycleGAN uses two-cycle generation. The main
idea of cycle-consistency loss is that the image transferred from style A to style B and

then back to style A, should be the same as the original input image, i.e., z — G(z) —
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F(G(z)) = z. The cycle-consistency loss can be described by

Leyere(G, F) = Bopyyro @) [[1F(G(2)) = 2[[1] + By i G (F (y)) — yll1] (4.4)

Here, F(G(z)) and G(F(y)) are two cycles that are expected to match z and y in
order.

Apart from the cycle-consistency loss, discriminator loss is required too. Discrimi-
nator is expected to distinguish whether an image is a style-untransferred or style-transferred
image. Discriminator should output a higher score if the input image is a real image and
output a lower score for the generated image. The adversarial loss can be formulated as

follows

ﬁGAN(Gﬂ DY) = Eyfvpdam(y) [log DY(y)] + Ezwpdata(x) [log(l - Dy(G(l’)))] (4 5)

LGan(F,Dx) = Eyrpyopa(z) 108 Dx ()] + By, [log (1 — Dx (F(y)))]
In Lean(G, Dy), G tries to minimize the adversarial loss, while Dy attempts to
maximize it. By contrast, G aims to generate an image G(z) that resembles the images
from domain Y, while Dy aims to distinguish between the generated image G(z) and the

actual image Y. The overall loss function is shown here.

L= £GAN + Acycle * ﬁcycle =+ )\id * Eid (46)

LcaN, Leyele and L;q are GAN, cycle-consistency, and identity preserving loss [52],

respectively.
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4.2.4 Parameter Settings and Training

For the balance between time and generalization ability of transferred images, all
datasets are reshaped to 256*256. The two datasets all have 20000 images for training
and 2000 other images for the test. Adam optimizer with momentum terms 5, = 0.5 and
B2 = 0.999 is used for optimization. A.yce = 10 and A;q = 10. The epoch is set to 200.

The modified AttentionGAN is trained on one RTX3090 and it takes about 240
hours for training. It should be noted that the background is ignored in this network and
some noises are generated, so another mask operation and background addition are applied

here for synthesizing the dataset. Fig. 4.4 shows the generated images.

Figure 4.4: Two generated real-world side images form modified AttentionGAN
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4.3 Detection

The generated dataset has a similar vehicle appearance to dataset generated from
CARLA. Thus some deep-learning-based detection methods can be directly used here. In
this section, YOLOVS5 is trained from a pre-trained parameter. It should be noted that due
to the rotation of datasets, the length and width of the bounding box are ignored here.

All parameters keep the same as YOLOVS5 original settings. YOLOV5 is trained

on RTX 3090 and it takes 30 hours for training.

4.3.1 Experiments and Analysis

Another same-source generated test dataset which is from modified AttentionGan
is fed into the trained YOLOV5. Ignoring the orientation of the bounding box, all style-
transferred vehicles are detected and assigned with a confidence score as shown in Fig. 4.5.
The final experiment is to test the detection performance of YOLOVS5 on the real-world
dataset. The results are shown in Fig. 4.6.

Only parts of vehicles are detected, and most of them locate in the center of the
image.

In order to calculate the detection rate, 200 frames are labeled manually and
there are 2128 vehicles among 200 frames. YOLOVS5 trained on the labeled real-world
style dataset could detect 357 vehicles among frames. However, YOLOV5 trained on a
labeled CARLA vehicle dataset can not detect any vehicle among frames. Compared to the

0% detection rate (True Positive) of YOLOVS5 trained on the CARLA dataset, YOLOV5
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Figure 4.5: The results of YOLOV5 detection network on the test dataset, all generated
vehicles are detected with independent confidence.

Figure 4.6: The results of YOLOVS5 detection network on the real world dataset, only parts
of vehicles are detected, especially vehicles in the central area.
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trained on the labeled real-world style dataset successfully achieve a 16.78% detection rate
(True Positive).

Although the YOLOV5 trained on labeled real-world style dataset is able to detect
vehicles, it still misses most vehicles. One explanation is that although calibration eliminates
partial distortion around the center parts, the great distortion from the real-world side is
still left in calibrated images.

Another reason is the low generalization of current style transfer. Although style
transfer tries to imitate the realistic vehicles’ appearance, it fails to transfer CARLA vehicles
with the severe real-world distortion style as well as the color shift form lens.

Also, the imbalance of CARLA dataset and the real-world dataset leads to low-
quality generated vehicles. CARLA images always include fewer vehicles than real-world
images. What’s more, CARLA spawns less diversity of vehicles. Only 32 sedan vehicles
are spawned in CARLA, while trucks; buses, and other kinds of vehicles appear in the

real-world dataset.
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Chapter 5

Conclusions and Outlook

5.1 Conclusions

This thesis focuses on infrastructure-based sensing and the fisheye camera de-
tection methods and applies the latest advances in the field of Intelligent Transportation
Systems (ITS) to achieve real-time high-fidelity vehicle detection and safety, high-efficiency
ITS.

This thesis proposes a workflow for infrastructure-based sensing which is composed
of two different methods. The first method applies background subtraction algorithms to
vehicle detection in the infrastructure-based sensing scenario. Our modified background
subtraction algorithm successfully solves the problem that all previous background sub-
traction algorithms could only separate moving objects from the background by cascade
algorithm structure and introducing several time-series background models. Our algorithm
shows its great ability on separating the foreground from the background and recovering

the background although long-stay objects obscure the background in the simulation ex-
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periment. It surpasses the SOTA method as LOBSTER by 34.68% on recall without too
much loss on precision. At the same time, it can run in real time which the SOTA method
can not. As for real-world experiments, the results show our method could maintain a clean
background all day long and separate all vehicles on the road.

Without a labeled real-world dataset, it is impossible to train a deep-learning
model to detect objects. The second method adopts style transfer by a modified Atten-
tionGAN for data augmentation and then trains available deep-learning object detection
algorithms. However, most existing style transfer algorithms can not identify the target
objects so many unwanted background style is transferred. With the help of the attention
mechanism, a modified AttentionGAN based on CycleGAN is able to generate a real-world
style dataset with ground truth labels. The training datasets for the modified Attention-
GAN are collected from the real world and the CARLA simulator. Then, a YOLOVS5 is
trained on the generated dataset from the modified AttentionGAN and then used for vehicle
detection. The real-world experiments and results show it is able to detect parts of vehicles.
Although some vehicles are not detected, the results still verify the fidelity of the whole

process.

5.2 Outlooks

This section mainly lists future directions for the traditional vehicle detection
method and the process of style transfer and vehicle detection based on deep-learning meth-

ods.
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e The real-world vehicle dataset has blurry vehicles and conglutinations, so the back-
ground subtraction algorithm could be optimized for better-detecting vehicles. Also,
this dataset still lacks diversity for some special kinds of vehicles missing. Thus, more

different kinds of vehicles could be collected in the real-world vehicle dataset.

e The CARLA vehicle dataset also has the same problem that lacks diversity, so more

vehicles could be initialized and collected in this dataset.

e The modified AttentionGAN can only generate low-resolution images due to the GPU
memory size limit. It is expected to optimize the modified AttentionGAN structure

to generate high-resolution realistic vehicle images.

e YOLOV5 was proposed in 2020 and other novel deep-learning-based detection meth-
ods are proposed continuously. It is expected to replace YOLOV5 with the new SOTA

methods for better detection ability.
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