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Unity 3D Environment for Vision in the Loop
Di Pan, Tiantong Chen
Department of Electrical Engineering
Chalmers University of Technology

Abstract
In this master thesis, an open-loop detection test is evaluated with Unity (a real-
time 3D development platform) virtual images and SPAS (Simulation Platform for
Active Safety, a virtual testing platform built in Matlab and Simulink) sensor data.
The aim of this project is to figure out the possibility of producing real and detailed
enough Unity virtual images for the open-loop detection test of the AD (Autonomous
Driving) function.

The SPAS virtual scene is designed based on a real-world field test held by Volvo
Cars. All the main information in SPAS virtual scene such as the host car’s velocity
and position as well as lane markings’ position are set to be similar to the real world
test environment. Unity virtual scene gets into construction once the SPAS virtual
scene is built up with the capability of generating sensor data. Unity environment
is set based on the SPAS setting to maintain the consistency between image data
and sensor data. Then, the camera model is adjusted according to the real vehicle
camera to generate photo-realism virtual images.

With Unity virtual image data and SPAS sensor data, open-loop detection software
can provide a reliable object detection result. After validating the feasibility of this
system, more variations could be made in Unity virtual scene. Variables of light
conditions such as light intensity, light direction and shadow will be adjusted, and
objects’ color can also be changed. By comparing the detected output and the orig-
inal setting, the effect of these variables could be figured out. The most important
output parameters to analyze are the detected lane markings and objects’ positions.

Keywords: Unity, Open-loop Test, SPAS, Virtual Scene, Object Detection
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1
Introduction

This thesis is carried out based on the autonomous driving project of Volvo Cars
Corporation. Volvo Cars Corporation is one of the top Swedish companies, focusing
on the development of a safe driving environment.

Autonomous driving has been one of the most popular topics in recent years, with the
goal of providing a safe and time e�ective driving. Volvo Cars Corporation also does
many kinds of researches and developments for this long-term goal. To guarantee
that autonomous driving function (abbreviated to AD function) is safe and reliable
enough, extensive testings are necessary for all possible conditions. However, testing
in the real environment usually has obvious limitations such as cost and e�ciency,
so a proper alternative is testing in the virtual scene instead. A photo-realism and
well-detailed virtual environment can make the AD function show the same reaction
as in the real world, but make it easier to test and develop the algorithm of the AD
function.

Figure 1.1: Screenshot of Volvo previous work of V-Ray virtual scene

As depicted in Fig. 1.1, Volvo Cars Corporation has already done some re-simulation
researches for the open-loop AD function test with virtual scenes. 'Re-simulation'
here means the test is performed as a virtual simulation for the real �eld test. To
be more speci�c, a virtual scene is built similarly to the real testing environment
with software like V-Ray, then it will be used to test the same AD function in the
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1. Introduction

real �eld test. If the results of the virtual test and the real test are reasonable and
similar, the re-simulation test has the potential to replace the real test. Thus, the
AD function can be developed mainly based on the output of the re-simulation test,
which could improve e�ciency signi�cantly.

The previous open-loop test result with V-Ray is satisfactory as the AD function
performs well with the high-quality virtual images. As a ray tracing engine, V-Ray
calculates the re�ection and di�usion of each ray to get the �nal high-quality photo-
realism virtual image, but this technique could also cause disadvantages such as
time-ine�ciency and over-detailed images for the AD function.

To avoid problems of V-Ray, a new method of fast virtual image processing is de-
veloped based on Unity software. The basic idea is trying to improve e�ciency by
sacri�cing some unimportant details, which raises our thesis project. This thesis is
trying to �gure out whether Unity is able to provide detailed enough virtual images
for the AD function. If so, more details about how the vision components a�ect the
test results should be excavated. We �rst focus on building up the virtual scene in
SPAS and Unity according to the real test output. Then the open-loop AD function
is tested with the virtual images and sensor data extracted from Unity and SPAS.
With a preliminary conclusion that Unity can take the duty of providing virtual
images with enough quality, we made variations on the Unity virtual scene to ob-
tain a rough impression of how di�erent vision components a�ect the �nal test result.

1.1 Aim

The aim of this thesis is to develop a re-simulation tool chain based on Unity for
the open-loop detection software and to evaluate whether Unity can provide virtual
images with enough quality. Then the e�ect of di�erent Unity factors on the detec-
tion result is examined.

1.2 Scope

The scope of this thesis is making open-loop detection test with the generated virtual
input data. The input data is obtained from two platforms, so the virtual images
extracted from Unity and the virtual sensor data generated by the SPAS platform
should be matched. In other words, the pictures and the sensor data should depict
the same environment and vehicle movement. The correspondence between them
could be guaranteed since the virtual scene is built in both Unity and SPAS using
the same real �eld test as a reference.

The open-loop detection test can be seen as a part of the algorithm separated from
the AD function. It takes both virtual images and virtual sensor data as the input,
then produces the detected object at the output. Due to the privacy policy of Volvo

2



1. Introduction

Cars Corporation, the majority of the numerical values of the output are replaced
by relative values.

1.3 Limitations

This thesis project mainly focuses on the possibility of using Unity virtual images
in open-loop tests and the basic analysis about which factor will a�ect the detection
output. Thus the algorithm and process of the open-loop detection or detailed
quantitative analysis of the output is not involved. Moreover, creating a varying or
more complex virtual scene is not included either.

1.4 Thesis Outline

The report is structured to show all aspects of the thesis project. Chapter 2 intro-
duces the software and the platform involved in the project. The pre-processing for
the original data is provided in Chapter 3. In Chapter 4 and Chapter 5, the methods
of developing a virtual scene in SPAS and Unity are discussed. Chapter 6 illustrates
the detection result of the open-loop test while Chapter 7 provides a preliminary
discussion of how the detection result is in�uenced. Eventually, Chapter 8 o�ers the
�nal conclusion and presents some suggestions for future works.
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2
Background

To help readers understand the thesis project better, this chapter describes the
software platforms and some basic concepts that are used in this thesis.

2.1 Volvo Host Car

In Volvo Cars Corporation (VCC), a huge amount of �eld tests have been done
by using Volvo test vehicles to collect data for AD function. As a kit of sensors
combining Radar and Camera, Ra-Cam1 is equipped on the Volvo test vehicles to
collect the scenario data during the whole period of driving. The word 'scenario'
here refers to a tra�c scenario, including all the stu� like vehicles, lane markings,
tra�c signs and pedestrians. The collected data can be categorized in two classes:
image data obtained by vehicle camera as well as sensor data collected by radar and
other sensors. The data collected from di�erent sources are mixed together through
sensor fusion before being processed by the AD function. The whole process is
shown in Fig. 2.1.

Figure 2.1: Basic structure of the real �eld test

2.2 SPAS 2

SPAS is the abbreviation for `Simulation Platform of Active Safety', which is a
virtual simulation platform developed by Active Safety Group of Volvo Cars Corpo-
ration. As a Matlab/Simulink based platform, SPAS enables engineers to simulate
real test driving in a virtual scene, which can be executed in both Windows and
Linux environment [1]. The SPAS environment consists of models for vehicles and

1A short combination of Radar and Camera terms.
2Abbreviation for Simulation Platform of Active Safety
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2. Background

other tra�c elements like lane markings and sensors on the car. In this thesis, SPAS
is used to simulate the whole driving period and to generate the sensor data for the
open-loop detection test.

2.3 Unity Game Engine

A game engine is a software-development environment designed for people to build
video games. Unity is a cross-platform game engine developed by Unity Technolo-
gies, providing an easy way for both 2D and 3D virtual scene development [2]. Unity
is chosen in this project as an alternative for V-Ray to build a less realistic virtual
scene but with higher speed. Even though called `less realistic', the virtual scene of
Unity can still closely resemble the original real driving scenes [3]. Besides, Unity
has a strong community o�ering many publicly available `assets', which can be eas-
ily reused with simple adjustments. Moreover, Unity could easily control all vision
components withC# , which makes it possible to simulate the movement during the
whole period of driving and to extract virtual images automatically.

2.4 Open-Loop Test Software

The AD function could include various modules such as object detection, decision
making and movement control. The open-loop test software used in this thesis can
be interpreted as a detection module separated from the AD function. The basic
structure of the software is shown in Fig. 2.1, which takes image data and sensor
data as the input data to do the initial object detection. The image data shows the
scene photographed by a camera on the test car, while sensor data contains vehicle
movement information as well as radar information.

Figure 2.2: Structure of the Open-loop test

Figure. 2.2 illustrates the open-loop detection test's structure in this thesis project.
The open-loop test software provides no feedback to modify the status of driving
but only detects the objects. It is a third-party software and due to the secret pol-
icy, parts of the detection result such as numerical value and parameters' name are
hidden.
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3
Pre-processing Before Scene

Setting

In this thesis, a segment of a �eld test video is chosen as the reference to build
the virtual scene. This chapter brie�y describes the chosen reference for the virtual
scene development and the data extracted from this reference.

3.1 Real Log

This thesis aims to validate the feasibility of the system shown in Fig. 2.2, so it
would be enough to just consider a simple scenario in the beginning. Although a
virtual scene can be set arbitrarily, it would be better to set it similar to a real test-
ing environment, since it could make the �nal result more reasonable and reliable.
To achieve that, it is essential to obtain the original numerical value of the �eld test
area such as lane width, lane markings' position, and the distance to targets. The
original value is also called ground truth value, which means exactly accurate data
of the environment. However, it is impossible to get the ground truth value of the
real-world, so an alternative way would be setting the virtual scenario according to
the detection output of the real �eld test. Therefore, the pre-processing is necessary
before all the scene settings.

One real �eld test usually records a long driving period. Since a longer time period
means a more complicated scenario, only a segment of a �eld test is chosen as the
reference for virtual scenario settings. In this segment, the host car is slowly head-
ing to a parked target car along a straight road and eventually brakes in front of
the target car. The �eld test was held on a closed test road, so there was no other
vehicle but only the parked target car. Besides, there are no pedestrians or tra�c
signs in this test area, and all the surroundings are mainly covered by trees and
bushes. This simpli�ed test environment reduces a great deal of calculation work of
the AD function as it mainly needs to consider lane markings and the parked target
car.

In the real �eld test, the host car is VCC's test car, equipped with a Ra-Cam
system to record the whole driving process. The process output is named as Real
Log, which contains the video log recorded by the camera, the raw numerical data
collected by other sensors and detected result after sensor fusion and AD function.
Screenshots from the Real Log depicted in Fig. 3.1 intuitively illustrate the �eld
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3. Pre-processing Before Scene Setting

test environment.

Figure 3.1: Screenshots of Real Log from the chosen �eld test

3.2 Data Extraction

Volvo Car Corporation has already obtained its own AD function detection result
(Real Log) for this simple real �led test, and a segment of the Real Log is used as
the reference of virtual scene development. The segment contains not only the host
car's movement information but also the environment data produced by AD function
with sensor fusion. Several parameters of this data could be used to approximate
the ground truth value of the chosen �eld test. This section mainly describes which
kinds of parameters are extracted from the Real Log for future steps as well as their
included information:

ˆ Real Log Coordinate
Real Log Coordinate is the coordinate system for all stored data. The Real
Log Coordinate is built based on the position and posture of the host car at
the initial time of the chosen test segment. The initial position of the host
car's centre is considered as the origin, whileX; Y; Z axes point to the front,
left and up side of the host car respectively, based on the right-hand rule.

ˆ Road Information
Road information extracted from the Real Log contains lane markings' posi-
tions, indicating the distance from the host car centre to both the left and the
right adjacent lane markings. Road information also includes the lane width
and the host car's relative position within the lane. In the selected Real Log
segment, the average distance between the left lane marking and the host car
is 1.6m, while the right lane marking is located at the average distance of 1.9
m from the host car. The recorded data has �uctuation around the average,
since there is unavoidable detection noise and the real-world lane markings or
driving path is not perfectly straight.

ˆ Vehicle Information
Vehicle information extracted from the Real Log contains position and veloc-
ity information of the host car as well as distance information for the parked
target car. Position and velocity information is stored with the format of
three-dimension arrays, consisting ofX , Y and Z values along each axis of
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3. Pre-processing Before Scene Setting

the Real Log Coordinate. For the parked target car, there is no ground truth
value to describe its position. Instead, only detected relative distance from
the host car to the target car, which is obtained by the AD function detection,
is available.

ˆ Camera Posture
Considering the movement of the host car and the unevenness of the road in
the real world, the host car camera cannot be perfectly stable. In fact, the
camera's posture will experience slight random �uctuation during the driving
period. This posture changing is recorded as a relative rotation matrix to the
previous camera posture in the Real Log Coordinate. To be more speci�c, the
camera is no longer oriented to the exact `front' side of the initial posture but
su�ered a slight erratic rotation with a small angle. This erratic rotation of the
camera in the 3D space could be separated into three independent rotations
along X , Y and Z axes of the Real Log Coordinate [4].

For a clockwise rotation� along each axis, the rotation matrices can be written
as numerical formulas below [4], whereRX , RY and RZ refer to the rotations
along X , Y and Z axes, respectively:

RX (� ) =

2

6
4

1 0 0
0 cos� � sin�
0 sin� cos�

3

7
5 (3.1)

RY (� ) =

2

6
4

cos� 0 sin�
0 1 0

� sin� 0 cos�

3

7
5 (3.2)

RZ (� ) =

2

6
4

cos� � sin� 0
sin� cos� 0

0 0 1

3

7
5 (3.3)

As mentioned above, a random rotation can be seen as three separated rota-
tions along three axes. The �nal combined rotation matrix could be expressed
by matrix multiplication:

R = RZ (
 )RY (� )RX (� ): (3.4)

Here � , � and 
 are Euler Angles which stand for the rotation angles along
X , Y and Z axes. The Camera Posture information here is the �nal combined
rotation matrix R, which can be used to reconstruct a more vivid host car
behaviour in next steps.

ˆ Feature Points
Feature points are marks of relative important positions in the 3D space to
help recognize and locate objects, which are mainly located around the contour
of the surroundings or boundary between the bright area and the dark area,
but it is hard to determine what each point exactly stands for. These points
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3. Pre-processing Before Scene Setting

extracted from the Real Log are produced by the AD function after sensor fu-
sion. Each feature point is recorded as a three-dimension array [Pfx ; Pfy ; Pfz ],
wherePfx , Pfy , and Pfz are the positions alongX , Y and Z axes of the Real
Log Coordinate, respectively. The Real Log contains a large number of feature
points scattered in the whole test �eld, that could be used as a reference to
reconstruct the virtual test environment in the next step.

3.3 Result

Fig. 3.2 shows all the data extracted from the Real Log, consisting of basic data
about road, vehicle and camera posture and feature points. All these data are used
as references to build virtual scene in both SPAS and Unity.

Figure 3.2: Data extraction from Real Log
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4
SPAS Setting and Sensor Data

Extraction

Once the reference data was extracted, the next step shall be setting the virtual
scenario based on this reference. Scenario settings are important as the generated
image data and sensor data will be the input of the open-loop test process. Besides,
the image data and the sensor data should match each other, since they aim to
describe the same segment of the �eld test. As the system structure depicted in Fig.
2.2, image data is extracted from Unity software and sensor data is produced by the
SPAS system. In order to match image data and sensor data, the scenario settings
of SPAS and Unity should be matched �rst. Because the Unity setting has more
details, it is more convenient to �rst set the basic scenario in SPAS, including road,
lane, and vehicle movement. After that, the initial setting parameters are applied
to Unity, then more details can be included in the setting to improve the realism of
visualization.

In the SPAS system, an ideal scenario is built, and environmental elements and
parameters will be controlled strictly. Furthermore, only a limited number of all the
parameters and factors could be included in software, thus the parameters setting in
SPAS could not be exactly the same as the real world. However, once the scenarios of
Unity and SPAS could match, it is unnecessary to develop an exactly same scenario
as the real world. First, the �nal goal of the virtual test is to evaluate the open-loop
detection tool chain based on Unity, so a scenario closer to the real-world would be
better but is not essential. Second, the reason to use Unity is to achieve e�ective
real-time processes by ignoring factors with lower level of importance. Thus, the
selected real �eld test segment is only a template to design scenario, and a virtual
environment with similar basic parameter settings is enough for the test.

4.1 SPAS Coordinate

In SPAS, the right-hand rule coordinate is the same as the Real Log Coordinate,
which usesX , Y and Z axes to point the front, left and up sides of the host car
respectively. The numerical value onX and Y axes are also named as `Longitude'
and `Latitude' respectively, which will be used in data analysis.

The coordinate in SPAS system is shown in Fig. 4.1. The vehicle's position is set
with the center of the front wheel axis, while the recorded radar data is set as the
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distance from the center of the host car's rear wheel axis to the nearest edge of
the target car. The camera is located between the front wheel axis and the rear
wheel axis, and the position could be calculated with the information of the vehicle
position and the relative distance between the camera and the front-wheel axis. For
di�erent types of vehicles, the relative position of camera and wheel axes inside the
car will also be modi�ed.

Figure 4.1: SPAS Coordinate

4.2 Basic Setting in SPAS

The most basic and important elements in SPAS scenario are road, lanes, the host
car and the target car. These elements are set according to the selected Real Log
segment, which is described in Fig. 4.2 and Table 4.1.

Figure 4.2: SPAS setting according to Real Log
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Parameter Setting
Road Shape Straight
Road Length 1000 m

Number of Lanes 2
Number of Lane Markings 3

Lane Width 3.5 m
Host Car Initial Position (0, 1.9, 0)m
Host Car Latitude Speed 0

Host Car Longitude Speed as depicted in Fig.4.4
Number of Targets 1

Target Velocity 0
Target Position (136.7, 1.75, 0)m

Table 4.1: Basic parameters setting in SPAS

ˆ Road
Even though the road in the selected �eld test segment has been assumed to
be straight, the actual one might still be slightly tilted, curved and �uctuated.
In SPAS, the road is set to be an ideal �at straight road with enough length
(1000 m) for vehicle movement.

ˆ Lane
According to the lane detection result of the Real Log, the average detected
distance between two lane markings is around 3.5 m, which is equal to the
lane width. Three straight and parallel lane markings with the same distance
are set in SPAS. As illustrated in Fig.4.3, The middle lane marking sits on the
road center, and where it starts is set as the origin.

Figure 4.3: Lane setting and original position of the Host Car

ˆ Host Car
The host car refers to the VCC test vehicle equipped with the Ra-Cam system
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to record data. The absolute position of the vehicle does not matter, therefore
the initial position of the host car could be set at the beginning of the road.
In the �eld test, the detected distance to the left and the right lane markings
are around 1.6 m and 1.9 m respectively, so the initial position of the host car
is set at (0, 1.9 m, 0), as depicted in Fig. 4.3. Since there is no lane change
and Latitude shifts are small, the horizontal movement of the host car could
be ignored in the ideal setting. The Longitude speed is set by the Real Log
detection result, as shown in Fig. 4.4. By utilizing the initial position and
the vehicle velocity, the whole movement of the host car could be recovered in
SPAS virtual scene.

Figure 4.4: Longitude speed of virtual host car

ˆ Target Car
In the selected simple �eld test, the target car is a stationary vehicle, parking in
front of the host car with a long distance. The detected distance to the target
car could be attained from the Real Log. However, the large �uctuation of
the detection result at the initial time means that the data is unreliable for
long distance. When the host car �nally stops in front of the target car, the
average detected distance (R) is used to calculate the location of the target
(Po) in SPAS. Considering the coordinate transformation for Fig. 4.1, host car
position (Ph) and the distance from the rear wheel axis to the end edge of the
car (D rear 2end) should be used to calculate the position of the target:

Po = Ph + R + D rear 2end: (4.1)
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4.2.1 SPAS Sensor Data

As shown in Fig. 4.5, after setting the scenario and running SPAS process, sensor
data will be generated. Ego Data includes all information of host car movement, such
as velocity, acceleration and rotation. Radar Data will record parameters related
to the detected target, and the most important information is the distance between
the host car and the target car.

Figure 4.5: Brief process structure of SPAS
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5
Unity Development

Once the SPAS virtual scene is built and the required sensor data is generated,
the next step is to re-simulate the same �eld test segment in the Unity platform.
This Unity development consists of both environment building as well as the motion
control for the virtual cars and the virtual camera. The virtual image data for the
future open-loop test is extracted from the developed Unity virtual scene. In this
project, the virtual scene is built initially based on SPAS settings, then extra manual
settings are added to improve realism. After that, the behaviour of the virtual host
car in Unity is determined in the same way as that in SPAS. Finally, photo-realistic
virtual images, as alternatives for the raw images data, are extracted from Unity.

5.1 Scene Development

Scene development in Unity refers to the process of making the virtual 3D world in
Unity similar to the original �eld test environment. The original �eld test scene can
be mainly decomposed into several di�erent visual components, and most compo-
nents can be reconstructed separately in Unity with given `assets' including models
and materials. The positions and orientations of some visual components could be
set according on the Real Log data while other less important elements and param-
eters can be just set manually.

ˆ Unity World Coordinate
Unity has its own built 3D coordinate system following the left-hand rule. This
coordinate makes environment development convenient because the previous
Real Log Coordinate can be easily transferred into the Unity World Coordinate
once the initial position of the host car is set at the origin in both of these
coordinates.

Figure 5.1: SPAS Coordinate, Real Log Coordinate, and Unity World Coordinate
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Fig.5.1 illustrates the relationship among three di�erent coordinates. The
transformation from the Real Log Coordinate (or SPAS Coordinate) to the
Unity World Coordinate is just swapping the array sequence from [X; Y; Z ] to
[X; Z; Y ].

ˆ Road Setting
As described in Chapter 4, lane markings are �xed to certain positions along
the whole straight road in SPAS. In Unity, a visually realistic straight road is
built with all the virtual lane markings located at the same positions as the
SAPS setting.

ˆ Target Car
In Unity, the target car model is a virtual prefab component built by Volvo
Car Corporation. The distance in the Unity World Coordinate from the origin
to the front wheel axis of the target car is set the same value as in the SPAS
Coordinate.

ˆ Surroundings Setting
Unlike basic elements as lane markings or the target car, surrounding elements
that are not on the driving path may not have a noticeable in�uence on the AD
function. Thus, surrounding elements such as bushes, trees and barriers seem
to be less important. However, well-detailed surroundings will make the �nal
virtual scene much more resemble the original �eld test environment, which
will also make the open-loop test result more reasonable [5].

The surroundings are built up in two steps. First, all the feature points ex-
tracted from the Real Log are imported as the contour of the surrounding
elements. Then, 3D models including terrain, bushes, trees and fence are set
manually based on the contour of feature points. All these vision components
will be �nally adjusted according to the Real Log video. This manual devel-
opment costs a lot of labour to set up and adjust to make the virtual scene
good enough.

Figure 5.2: Sequence of manually built virtual scene

Fig. 5.2 illustrates how manual development is accomplished. Figures (a) to
(c) are screenshots of individual imported feature points, built scene along
with feature points and the �nal virtual scene, respectively. The red dots
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scattering all over the virtual world are referenced feature points, which are
hidden once the scene development is completed.

5.2 Camera Setting

Same as the real-world photos photographed by the real camera, Unity also has a
virtual camera to take images from the virtual world. Unity's virtual camera can
adjust its position, orientation and camera physical model to simulate the real cam-
era. This section focuses on how the virtual camera in Unity is set according to the
real camera used in the �eld test.

ˆ Position & Orientation
Camera's position is set based on the host car's position considering the rela-
tive distance from the camera to the front wheel axis of the host car. Camera's
orientation is controlled with the rotation matrix extracted from the Real Log.

ˆ Camera Physical Model
The camera model describes the mathematical relationship between the scene
and the �nal extracted image. In the real world, plenty of parameters might
a�ect the �nal captured photos. While in Unity, there are only a limited num-
ber of parameters that could be included and adjusted. To be more speci�c,
only focal length, sensor size and FOV (�eld of view) are calculated in the
Unity camera model setting. Focal length is a physical property that mea-
sures the light concentration ability of a lens. Collimated parallel light rays
will be concentrated to a point named `focus' by a lens, and the distance from
the focus point to the lens center is de�ned as focal length [6]. Sensor size, also
named as �lm back size, indicates the size of the image plane and determines
the aspect ratio and resolution of the �nal image. FOV can be calculated
according to sensor size and focal length, which restricts the visible range size.
Fig. 5.3 shows the relationship among these three parameters:

Figure 5.3: Illustration of focal length, FOV and sensor size

In Unity, the camera treats a lens as a pinhole, which simpli�es the numerical
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relationship of parameters as the formula:

SensorSize= 2 � FocalLength � tan(FOV=2): (5.1)

5.3 Movement Control

After constructing the virtual scene and importing camera settings,C# code script
is developed to control the visual components [3] [7]. This script controls the virtual
host car to simulate the real host car's movement and extract the virtual images of
the virtual scene. To be more speci�c, the camera's posture changes according to the
extracted camera rotation matrix, while the virtual car's driving path is set based on
the extracted position information from the Real Log. Each time the virtual car's
position is updated, the virtual camera captures an image of the current virtual
view, which is illustrated in Fig. 5.4. Finally, generated virtual images have the
same frame amount as the Real Log segment.

Figure 5.4: Examples of extracted virtual images sequence

5.4 Result

Eventually, a well-detailed virtual scene in Unity is constructed. Furthermore,
photo-realistic virtual images are generated from Unity. Environment variables like
light condition and weather, which may remarkably a�ect the detection result, can
be easily adjusted, and other vision components such as pedestrians and vehicles
can also be introduced.
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