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Abstract

Nowadays due to advancements in Computer Vision algorithms, there is an increas-
ing demand for cost e�ective and reliable performance evaluation of its algorithms.
For objective evaluation of camera object and lane detection algorithms, generation
of ground truth is important. Ground truth refers to the set of measurements known
to be accurate thereby acting as reference. In context of Computer Vision, it includes
a set of labeled images. However, obtaining it by direct observation is not possible.
Thus, its generation is an intriguing challenge and numerous e�orts have been made
in accordance to that. Most commonly, it is generated manually thereby consuming
lot of time, e�ort and money. The existing or proposed semi-automatic approaches fail
to address the issues of manual ground truth generation.

Currently in the Bosch Validation toolchain, synchronized reference ground truth for
Bosch Camera sensor is not present and the annotation is done manually. The term
�reference ground truth� in this thesis refers to the information provided by the ref-
erence sensors. Hence, this thesis focuses on the feasibility of Ibeo reference sensors
and Ibeo tool chain to obtain synchronized reference GT for enabling automatic pre-
annotation process.

The report thus highlights the details related to research, formulated concepts, em-
ployed synchronization approach and the developed label toolbox for facilitating full-
automatic pre-annotation process with Reference Sensors System. Upon visualizing
the results, the need for cross calibration between Bosch camera and reference sensors
is speci�ed.

Moreover, with the help of results and �ndings, requirements are derived to improve
the proposed annotation process and to obtain more accurate reference ground truth
for evaluation of Front Camera algorithms.

Keywords: Reference Ground Truth, Manual Annotation, Reference Sensors System,
Front Camera, Time Synchronization
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1
Introduction

This chapter introduces the master thesis topic thereby highlighting motivation and
thesis objective which propelled research in this topic. Additionally, the report struc-
ture is outlined in section 1.3.

1.1 Motivation

Currently, object detection and tracking are one of the most vital aspects in Com-
puter Vision (CV) applications. These applications include video surveillance, vehicle
tracking, pedestrian tracking, tra�c monitoring and semantic annotation of videos [9].
In these applications, robust tracking of objects in a scene calls for a reliable and
e�ective moving object detection algorithms that should be characterized by some im-
portant features: high precision, with the two meanings of accuracy in shape detection
and reactivity to changes in time, �exibility in di�erent scenarios (indoor, outdoor) or
di�erent light conditions and e�ciency, in order for detection to be provided in real-
time [22]. For meticulously evaluating the performance of such detection and tracking
algorithms, Ground Truth (GT) is required. Predominantly it means reference data
that is known to be correct which is used for evaluation purposes. Its contents are
detected object's classi�cation, its speed and size, lane information based on the path
traversed by ego vehicle and the surface information. In the context of CV, GT in-
cludes a set of images, and a set of labels on the images which are important for the
development of new algorithms, to compare di�erent algorithms between them and to
validate incremental modi�cations to any algorithm [25]. In summary, GT is important
for both tasks, performance evaluation and continuous development and improvement
of CV algorithms [9]. Thus, GT generation and performance evaluation are the main
cost drivers in Advance Driver Assistance Systems (ADAS).

The challenge however lies in creating and collecting GT. Currently, it is described
with the help of manual labeling (annotation). The sequences are recorded by driving
around with the mounted camera. During this phase, no CV for the new camera hard-
ware exists. Only the optical path is available. The objects present in the recorded
sequences are manually labeled frame by frame. Simultaneously, the visible lanes are
also labeled as lane markings thereby consuming lot of human time and e�ort.

1



1. Introduction 1.1. Motivation

The di�culties faced by manual annotation can be understood more e�ectively by
considering a setup with camera installation that captures frames at 30 frames per
second [9]. At this rate, the camera would capture 1800 frames/minute i.e. 1800 im-
ages/minute. If the video sequence is 4 min long then 7200 images have to be manually
annotated in total [9]. When a person annotates an image in 15 seconds, 3 hours would
be needed in total to label the whole sequence. In Bosch, it takes 37 hours for labeling
a pedestrian in a sequence of 5 min duration. Likewise, for the same sequence, vehicle
labeling takes 75 hours whereas lanes labeling amounts to 48 hours. Therefore, manual
annotation is time consuming and equally expensive. It is not reproducible and di�-
cult to trace. Moreover, the accuracy of labeling might vary from person to person due
to individual perception and drop in user attention [9]. In contrast to these shortcom-
ings, automatic annotation process is cost e�cient, saves a lot of human e�ort, has a
constant performance and in turn aids the validation process. Hence, automatic anno-
tation process outweighs manual annotation process. This is depicted in the Figure 1.1.

Ground

Truth Data
Automatic

Cost

e�cient

Speedy

Constant

output

Annotation

process
Manual

Changing

output

Laborious

Expensive

Figure 1.1: Motivation

To solve the aforestated problems, it is essential to �gure out an approach for generat-
ing the pre-annotation data automatically. As opposed to the conventional methods,
one of the approach lies in deploying an additional Reference Sensor System (RSS)
along with DUT in the vehicle. The data obtained from such a RSS is the reference
data. In this thesis, the information provided by reference sensors is termed as reference
GT. On comparing with this, the performance of DUT can be automatically veri�ed.
Figure 1.2 depicts an adapted representation of reference sensing to DUT evaluation
process.

2



1. Introduction 1.1. Motivation

Figure 1.2: Need of Reference Sensors

Bosch Front Camera is the DUT in this case. Based on the aforementioned illustrations,
there is a need to incorporate RSS into Bosch Front Camera Validation Toolchain.
With the help of RSS, �rst requirement is to get the synchronized reference GT which
includes RSS provided objects, lanes, surface information and thereafter using it for
automatic pre-annotation process. Hence, there arises a need for RSS and Bosch cam-
era to share a common notion of time.

Thus, examining and specifying the requirements on time synchronization in a Front
Camera Measurement System regards to automatic pre-annotation process from ref-
erence sensors forms the main focus of this thesis.

3



1. Introduction 1.2. Objective

1.2 Objective

The thesis work was carried out at Chassis Control - Driver Assistance/ESI Depart-
ment at Robert Bosch GmbH, Leonberg. The problem de�nition and thesis objectives
are aligned with current research within the department.

From section 1.1, no synchronized reference GT is available. Currently only man-
ual annotation or labeling process used to describe it has several shortcomings. Apart
from the mentioned shortcomings in Figure 1.1, through manual labeling only objects
and lane markings are labeled but no information related to detected object's speed
and distance with respect to the host vehicle is provided. While evaluating the perfor-
mance of Bosch Front Camera detection algorithms, it is advantageous if information
such as speed and distance of detected objects is available too. Thus, in order to in-
clude such an information it is essential to get the reference GT from reference sensors.

Ibeo provides complete toolchain, services and the reference hardware. Additionally,
Ibeo LIDAR provides high accuracy regarding object distance and speed measurement.
Hence, a reference sensor system by Ibeo is incorporated. The main objective of this
thesis lies in deriving a method to synchronize Ibeo RSS with Bosch Front Camera in
order to get the reference GT. This synchronized reference GT enables automatic pre-
annotation process to overcome the shortcomings of manual labeling process. Figure
1.3 illustrates the objectives schematically.

Figure 1.3: Thesis objective

4



1. Introduction 1.2. Objective

As seen in Figure 1.3, the Front Camera by Bosch is the DUT. The image sequences are
acquired by Bosch Front Camera Measurement System. During this time, the camera
performs no detection. The captured image sequences are then subjected to manual
labeling in the Bosch label tool and are compared with its real time object tracking and
classi�cation algorithms thereby consuming more time and money. Thus, instead of
directly labeling the sequences captured by the measurement system, an intermediate
step needs to be introduced. This intermediate step involves automatic pre-annotation
process by generating pre-labeled �les based on the information provided by Ibeo RSS.
However, it is understood that the manual process cannot be replaced/removed totally.
Some speci�c demands will be still required for CV validation. These are speci�c to
Bosch camera sensor.

Pre-labeling consists of exporting the Ibeo RSS detected dynamic objects and lanes
(reference GT contents) to the Bosch label �le. Upon loading the pre-labeled �les into
the Bosch Label tool along with camera captured images, the visible object width
o�sets, lane marking o�sets, false detection can be corrected by manual intervention.
Simultaneously, certain attributes related to objects and lanes speci�c to Bosch cam-
era CV validation can be entered manually.

Thereafter, the pre-labeled �les can be used for performance evaluation of Bosch cam-
era. The objectives to be accomplished are segregated.

Figure 1.4 mentions the objectives of this thesis:

Figure 1.4: Goals
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1.3 Outline of the report

The current chapter introduces central idea of the thesis and the necessity for enhanc-
ing the current state of the art. The further structure is organized as follows:

Chapter 2 gives an overview about state of the art approaches. It covers several
industrial tools and research approaches employed for providing ground truth or ref-
erence data in video processing or computer vision applications. In addition to this,
some of the sensor fusion approaches have also been discussed. Lastly, an analogy is
drawn to highlight the di�erence between existing state of the art approaches and the
problem statement.

Chapter 3 provides an overview of the Bosch validation toolchain, its shortcomings
and the incorporated RSS to overcome the shortcomings. Additionally, it describes the
hardware setup as deployed in the vehicle. It also explains the individual hardware com-
ponents along with their mounting positions, the interfaces and connections between
them. Furthermore, an overview of two distinct �le formats consisting of measurements
from camera and reference sensors is covered. The technical background covered in this
section is essential to understand the thesis concept.

Chapter 4 stresses the need for time synchronization by highlighting the challenges
and drawbacks in a multi sensor setup when there is no synchronization.

Chapter 5 elaborates the derived synchronization method for establishing synchro-
nization between Bosch camera and reference Sensors.

Chapter 6 provides complete details about the thesis concept. It explains how refer-
ence sensor data was formalized according to the Bosch Label tool. Consequently, it
illustrates how thesis concept was realized to generate pre-labeled �les from reference
GT with the help of a developed C++ label toolbox.

Chapter 7 describes the label toolbox implementation. The logic, execution �ow
and the implementation details are elaborated and explained diagrammatically.

Chapter 8 discusses results related to time analysis of the developed label toolbox
for several sequences by drawing an analogy between time taken by manual labeling
and the time taken by label toolbox for labeling the same sequences. Simultaneously,
the e�ectiveness of pre-labeling analogous to objects and lanes is exhibited.

Chapter 9 divulges information related to challenges that were found and encoun-
tered during the thesis work. Based on them, the requirements that need to be met in
order to establish cross calibration between camera and reference sensors are speci�ed.

The last two chapters present the conclusion of this thesis and the future scope of
work that can be carried out in accordance with the stated results and �ndings.
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2
State of the art

Generally in video processing, GT is not present. It is derived from optical �ow which is
a part of CV. Simultaneously, several semi-automatic approaches are prevalent which
combine the outputs of multiple algorithms for creating it. Since, this thesis focuses on
getting the reference GT and synchronizing it with Bosch Front Camera, the bulk of
research was dedicated in �nding out the already existing state of the art approaches.
These results partially form the thesis state of the art.

2.1 Generation of Ground Truth

This section is divided into the existing academic tools and proposed research ap-
proaches for GT generation.

2.1.1 Academic tools

This subsection provides an overview of some of the existing tools.

2.1.1.1 Ground Truth Veri�cation Tool (GTVT)

GTVT is a practical interface to perform the cumbersome task of GT establishment
and veri�cation which was developed with an intention of reducing the e�orts in es-
tablishing the GT for videos [2]. It focuses only on object detection and classi�cation.
The recorded video forms the input to this tool.

The recorded video sequence is �rst processed for generating an information �le [2].
This �le contains the object classes detected by the algorithm. This means that the
algorithm under test helps in generating this information �le depending upon its de-
tection and classi�cation ability. Upon loading this information �le and video sequence
into the tool, the bounding boxes are provided by GTVT. It gives the possibility to
change the object class only. Apart from that, the objects that the algorithm fails to
recognize cannot be labeled.
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Table 2.1 lists the advantages of GTVT

No. Advantages

1 Semi-automatic due to presence of tracking algorithms

2 Time consumed is less

3 Better performance as compared to ViPER and

FAst Semi-automatic Tool for GT generation (FAST-GT)

Table 2.1: Advantages of GTVT

Table 2.2 lists the disadvantages of GTVT

No. Disadvantages

1 Not possible to label the objects that are not detected

by the algorithm under test

2 No possibility to label the lanes

3 E�ective performance evaluation cannot be performed

4 Metadata information cannot be added

5 Speed, position and distance of labeled object cannot be obtained

Table 2.2: Disadvantages of GTVT

2.1.1.2 Viper Ground Truth Authoring Tool

ViPER stands for Video Performance Evaluation Resource [16]. It facilitates GT de-
scription by manually labeling the sequences. It provides a Java graphical user inter-
face which is designed to allow frame-by-frame markup of video metadata stored in
the Viper format [8]. The Viper format is an xml format thereby enabling the usage
of this �le for evaluation of any algorithm or system [16]. The advantages of ViPER
are enlisted in the Table 2.3

No. Advantages

1 Labeling information of an object can be propagated

across multiple frames until its existence

2 Time consumed is less

3 Useful for GT generation of still and document images too

Table 2.3: Advantages of ViPER
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The limitations of this tool are presented in the Table 2.4

No. Limitations

1 Only suitable for GT generation of objects

2 Lanes present in a video sequence cannot be labeled

3 No automated way of analyzing the quality of labeling

4 Metadata addition is not possible

Table 2.4: Limitations of ViPER

2.1.2 Proposed approaches

This subsection discusses the proposed semi-automatic and automatic approaches of
generating GT using formulated algorithms.

2.1.2.1 Semi-Automatic Generation of Ground Truth

The proposed method talks about generating GT in a semi-automatic way. In gen-
eral, the output of di�erent algorithms is used to generate a new output. A method
is proposed to produce initial bounding box for video sequences that do not require
any human interaction but still produce usable results [9]. Basically, given a sequence
and the output of di�erent algorithms applied to this sequence, the initial GT is gen-
erated using their collective output. The underlying method is based on intelligence of
algorithms, the accuracy and correctness of their results and the statistics built from
them [9]. The intelligence of algorithms consists of taking into account the collective
results of all algorithms rather than relying on just one algorithm.

Therefore, if multiple algorithms deliver plausible results and if many algorithm results
are collectively more reliable as compared to an individual algorithm's result, then it
is highly desirable to use the results obtained from multiple algorithms to generate the
GT data [9]. Therefore, it is always preferred if each algorithm is an expert and its
results are independent of other algorithms. Post annotation, the validation of results
has to be done manually. This enables semi-automatic generation of GT.

However, since algorithms are applied to recorded video sequences for generating initial
bounding boxes, large data sets are required [9]. Larger the dataset better the relia-
bility of algorithms. The output of the algorithms does not contain metadata related
to objects. This approach encompasses establishing GT only for object detection and
tracking algorithm benchmarking. The labeling information related to lanes that are
present in the video sequences cannot be generated using this semi-automatic method.
Thus, lane detection algorithms cannot be validated.
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2.1.2.2 Automatic Ground Truthing Using Video Registration

This algorithm is used to generate GT for on board road detection algorithms [14].
The key idea of the proposed algorithm lies in transferring the known GT of one video
sequence into another video sequence recorded at di�erent time and under di�erent
lighting conditions but for the same track [14]. At �rst, the recorded sequence is sub-
jected to manual labeling of the track thereby generating a reference sequence. The
algorithm which is run on this reference sequence is divided into two major phases:

� In the �rst phase, the temporal alignment (synchronization) between input video
sequence and the reference sequence is solved [14]. The frame numbers present
in both the sequences are aligned i.e.similar contents should be shown

� In the second phase, corresponding frames are spatially registered [14]. Generally,
for each pair of frames the camera will be at the same position or very close
to each other. In that case, only the camera pose may be di�erent. In spatial
registration phase, the camera position and pose are aligned so that camera
points in the same direction in both sequences

The result obtained from these two phases is used to transfer GT from one sequence
to the other [14]. This proposed automatic approach cannot be used for sequences
that are recorded on di�erent tracks. Additionally, this method fails to provide GT for
object detection and tracking algorithms.

From the above discussion it is inferred that the existing manual, semi-automatic
and automatic approaches have certain drawbacks and cannot be completely relied
upon. Moreover, as stated before the central idea of this thesis is to use Ibeo reference
sensors for obtaining reference GT and synchronizing it with Bosch Front Camera
Measurement system. The motivation behind is that IBEO provides the complete tool
chain, services and the reference hardware. In addition to this, Ibeo LIDAR provides
high accuracy regarding object distance and speed measurement. Hence, the emphasis
is on obtaining reference GT to evaluate object/road and lane detection algorithms of
DuT under all conditions and to obtain the speed, position and distance of the objects
in front of ego vehicle which above discussed approaches fail to address.

Using RSS opens up sensor fusion approaches as well as synchronization concepts be-
tween RSS and the DuT. Thus, time synchronization is an important facet. As multiple
sensors are present, an account of vivid sensor fusion approaches have been included.
A tremendous amount of research on sensor fusion approaches have been carried out
in the past. Finding an optimum solution to sensor fusion is still in a �edgling state [3].
Since, sensor fusion models heavily depend on the application, no generally accepted
model of sensor fusion exists until today [4]. A discussion on existing and new devel-
opments in sensor fusion methodologies is insightful; as they deal with synchronizing
data received from disparate sources [3].
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2.2 Sensor fusion methods

Sensor Fusion is combining of sensory data or data derived from di�erent sensors such
that the resulting information is in some sense better than what would be possible
when these sources were used individually [12]. An overview of two widely accepted
fusion methods is presented below as one of the thesis objectives includes synchronizing
RSS data with Bosch Front Camera.

2.2.1 The JDL Fusion Architecture

JDL stands for Joint Directors of Laboratories [12]. It is a popular model for fusion
systems comprising of �ve levels of data processing and a database which are all inter-
connected by a bus [12]. These �ve levels need not be executed in the speci�ed order.
Instead, all the levels can be executed parallely [1]. Figure 2.1 depicts the model ele-
ments and their interconnection. The individual model elements are explained below:

Figure 2.1: JDL architecture [12]

Sources consist of information gathered from varied sources such as sensors [12]. Pre-
processing is the reduction of fusion processing load by �ltering and distributing data
to appropriate processes [1]. Data alignment i.e. transformation of data to a consistent
reference frame/units, tracking actual and future positions of objects is performed
in the object re�nement level [1]. Situation re�nement attempts to apprehend the
relationship between objects and environment. Threat re�nement tries to draw deduc-
tions about vulnerabilities and probable steps for handling them [12]. Process re�ne-
ment stage monitors the system performance. The task of the database management
system is to monitor, evaluate, add, update and provide information for the fusion
processes [12]. Lastly, Man-machine interaction provides an interface for human input
and communication of fusion results to operators and users [12].

However, this model su�ers from several drawbacks. Firstly, it is an abstract model.
Secondly, extending or reusing applications built with this model is di�cult.
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2.2.2 Boyd Model

Boyd model is segregated into 4 stages. This Boyd control cycle as depicted in Figure
2.2 represents the classic decision-support mechanism in military information oper-
ations [5]. As systems which are based on decisions are tightly coupled with fusion
systems, the Boyd loop has also been used for sensor fusion [12]. On comparing Boyd
loop with JDL architecture, the following deductions can be made:

Figure 2.2: Boyd model [12]

The observe stage is comparable to JDL model's source pre processing stage. The
orientate stage is similar to object, situation and threat re�nement levels of the JDL
model [5]. The decide stage is comparable to JDL model's process re�nement stage for
monitoring the system performance. The act stage has no direct resemblance to JDL
model stages [12].

The Boyd model represents the stages of a closed control system and gives an overview
on the overall tasks of a system, but the model lacks an appropriate structure for iden-
tifying and separating di�erent sensor fusion tasks [12].

With reference to the existing works stated in this chapter, the thesis proceeds di�er-
ently as RSS is synchronized with Bosch Camera for obtaining reference GT. Mean-
while, the current sensor fusion methods don't �t to the problem at hand. Contrary to
the sensor fusion de�nition, the RSS data has to be used for automatic pre-annotation
process and not to form an uni�ed picture of sensor outputs. Therefore, the concrete,
actual state of the art has been introduced and elaborated in the next chapter.
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3
Fundamentals

This chapter deals with technical background of the thesis. It divulges technical details
relevant to the current system at Bosch, its shortcomings and the changes that need to
be incorporated for overcoming those shortcomings. Consequently, the fundamentals of
reference sensor system is also provided. These details are essential for understanding
further chapters wherein the conceptualization phase, the development phase and the
performance evaluation phase are discussed.

3.1 Bosch Validation Toolchain

Figure 3.1 explains the current Bosch validation toolchain. This is the actual thesis
state of the art at least for Bosch. Hence, an overview of the toolchain, its drawbacks
along with a possible solution has been covered in this section.

From Figure 3.1, Video sequence measurements step consists of di�erent stages for
recording the video sequences, checking if the sequences are valid, storing them for la-
bel process and providing them as an input to Video HiL simulation where the camera
software calculates the Driver Assistance objects present in the sequences.

Addition of �ground truth� step consists of stages for addition of ground truth data by
providing the tagging information useful for database search, storing it in a database,
manually labeling the recorded sequences and then performing performance evaluation
of the camera output in HiL with that of manually labeled data.
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Figure 3.1: Current Bosch Validation Toolchain [28]

The details and inter dependency of the stages are discussed below:

Bosch Front Camera Measurement System

The measurement system consists of Bosch Front Camera and a Measurement PC.
This measurement system is deployed in a car for recording the video sequences, CAN
data and camera calibration data. The sequences are recorded in an application based
on Automotive Data and Time triggered Framework (ADTF) con�guration [10]. ADTF
supports the development process in automotive software development. It provides a
stable framework, which is used in Advanced Driver Assistance Systems (ADAS) and
can adopt typical bus data such as CAN, FlexRay, Ethernet as well as raw data from
any sources [21]. Table 3.1 lists the advantages of ADTF

Table 3.1: ADTF features

No. Features

1 Data logging in the vehicle

2 Visualization of measured data

3 Prototype testing of algorithms

4 Measurement results can be validated

Thus, the Measurement PC at Bosch consists of an ADTF con�guration for capturing
the image sequences tunneled through Ethernet interface and recording the CAN data
sent over CAN bus. This data is stored in the Measurement PC in a dat-�le format.
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Tagging

During the recording drive, the tagging information is provided with the help of a
tagging tool. This tagging information includes specifying the conditions in which a
particular sequence was recorded. Information such as country where a sequence is
recorded, its road type and the time i.e. whether it is day/night is added. This in-
formation is used for database search. It is stored in a xml �le. With the presence of
tagging information, the recorded dat sequence is accompanied by the corresponding
tagging data (xml-�le).

File Server

If the recorded dat �le is non corrupt then it is moved or copied to the File Server for
further reference. It is capable of storing data up to petabytes in size.

Database

Tagging �les (xml-�les) along with dat sequences are stored in the database for future
search based upon meta data. Currently, the label data is provided manually by label-
ing the recorded video sequences. Hence, the sequences stored in the database are used
for adding label information by labeling. Later on, the labeled �les are also stored in
the same database for further reference.

Manual Labeling/Annotation

In the current process, label information and additional metadata is provided with
the help of Bosch Manual Labeling tool. GT information means frame by frame man-
ual labeling of objects by drawing rectangular boxes around them. The objects of
interest are vehicles, pedestrians, bikes, trucks and road sign recognitions. Simultane-
ously, frame by frame lanes are also labeled for the path traversed by ego vehicle by
drawing polylines. This labeled information for each sequence is stored in the database
in the form of a xml �le. This �le consisting of labeled objects and lane markings is
used as a reference for evaluating the performance of the Bosch Camera software.

Figure 3.2 shows an example of manual labeled cars

Figure 3.2: Labeled cars
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Figure 3.3 shows an excerpt of manual labeled lanes.

Figure 3.3: Labeled lanes

The know-how of manual labeling is explained later in detail.

Video HiL

For every new software release, vehicle run is carried out to test the camera soft-
ware but this is not feasible for 10,000 hours of testing. To avoid this manual approach
of validation, sequences recorded in di�erent scenarios are simulated in HiL environ-
ment. Thus, Video HiL testing is used for measurement performance of lane, Moving
Object Detection, Pedestrian Detection, Road Sign Recogniton and Automated Emer-
gency Breaking. A pre recorded video sequence for di�erent situations will be given
as an input to the Multi Purpose Camera (MPC) and the entire driving environment
(CAN messages) is simulated so that, when the camera software is run in HiL mode,
it detects the objects and lane markings present in a sequence as it would have in case
of a normal vehicle drive.

Performance Evaluation

Manually labeled �les as well as camera debug output in HiL mode are inputs to
the performance evaluation tool. Thus, by comparing the HiL output with manually
labeled �les, the performance evaluation of Bosch Front Camera software is performed.
All these stages together constitute the validation toolchain.

It can be inferred from above explanations that currently the annotation/labeling
information is provided manually by labeling the camera recorded image sequences in
Bosch label tool. Thus, the methodology, functionalities of the tool with respect to
manual labeling are explained below in detail.
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3.1.1 Manual Labeling

As narrated above, for validating the camera software, the required reference data is
generated manually frame by frame with the help of label tool. The recorded dat se-
quence is the input. The recorded dat sequences are �rst loaded into the label tool.
Thereafter, each frame is gone through one by one and boxes are drawn manually for
pedestrians, vehicles and road sign recognitions. At the same time, the lanes based on
the ego vehicle motion are also marked by drawing polylines. This manually labeled
information is stored in a xml �le. It consists of frame by frame information of the
labeled objects and lanes.

The label tool additionally supports an Auto Tracker feature. With this feature, the
objects after being labeled for the �rst time can be marked in further frames for auto
labeling. Because of auto labeling, the size of the rectangle bounding the object in fur-
ther frames is calculated based on the tracker algorithm. Because of this feature, the
labeled attributes of objects from one frame are copied across multiple frames where
the object exists. This marginally speeds up the labeling process for those cases in
which same object is present across several frames.

Figure 3.4: Manual labeling of cars [41]

Figure 3.4 illustrates an instance of manual labeling with the help of label tool. The red
rectangular boxes represent the labeled objects. The objects are labeled and marked
based upon their position with respect to ego vehicle. During labeling of vehicles,
the top edge of the box has to mark the highest point of the vehicle, generally the
roof whereas the bottom edge of a box should be at the point, where a projection of
the bumper meets the road surface. The left and right side edge of the box should
encompass the width of the vehicle. Each vehicle has to be labeled in each regular
frame and its according ObjectLane attribute needs to be speci�ed.
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Figure 3.5 depicts the manually labeled lane markings. The lane on which the ego
vehicle is moving forward is the ego lane. The lane to the left of ego lane is labeled
and marked as Ego left. The lane to the right of ego lane is labeled and marked as Ego
right. In this manner, the lanes are manually labeled for the whole sequence.

Figure 3.5: Manual labeled lanes

3.1.2 Shortcomings

The drawbacks mentioned in Figure 1.1 are encountered by the current manual labeling
process too. Moreover, an account of other discovered shortcomings with appropriate
examples are listed in this subsection.

In manual labeling, all the objects present in an image frame are labeled. These objects
include vehicles, pedestrians and bicycles. Depending upon the object type several at-
tributes such as Vehicle type, Occlusion and ObjectLane need to be marked too. There
are several scenarios where labeling of pedestrians and vehicles results in high human
e�orts and costs.

Figure 3.6 depicts an image frame captured during night time. In such cases, high
labeling e�orts are required as all vehicles are not clearly visible (1),(2). This also
results in loss of labeling quality as some vehicles might not be accurately labeled for
the whole sequence.

Figure 3.6: High e�orts in labeling objects
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Similar to vehicles, every pedestrian has to be labeled based upon its existence in
the whole sequence. While labeling, the movement of pedestrians can pose di�culties.
The labeling e�ort is high in case of pedestrians because of their moving limbs. Due
to this, the box size needs to be adapted in every frame. There is an increase in the
labeling e�ort during rush hour as all the occluded pedestrians have to be labeled.
Simultaneously, the box size needs to be adapted too. Figure 3.7 shows the according
scenario.

Figure 3.7: E�orts in labeling pedestrians

Figure 3.8 summarizes the shortcomings encountered in the current manual labeling
process.

Figure 3.8: Manual annotation shortcomings
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3.1.3 Possible solution

In order to overcome the aforestated shortcomings of manual labeling, there is a need
to incorporate RSS and its toolchain which detects dynamic objects, lanes and provides
this information as reference GT. With the help of this information, pre-labeled �les
(xml) consisting of RSS detected objects and lanes can be generated for visualizing in
the label tool.

Additionally, RSS also provides speed and distance of the objects with respect to
the ego vehicle. This speed and distance information is of importance while evaluating
the performance of detection algorithms. Currently, this is not provided. The RSS to
be used is provided by Ibeo. By incorporating Ibeo RSS in the validation toolchain, it
is mandatory to add GT synchronized with Bosch Camera. Moreover, with the help of
generated reference GT by RSS, the pre-labeling process is to be made automatic for
speeding up the process and reducing the costs incurred because of manual labeling.
Therefore, the hardware setup deployed in a vehicle consisting of Bosch Front Camera,
Ibeo RSS and its corresponding technical details have been covered in the subsequent
sections.
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3.2 Hardware Setup

Figure 3.9 depicts the hardware setup as deployed in a vehicle.

Figure 3.9: Hardware setup
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Bosch Front Camera Measurement Setup consists of Bosch Front Camera, CAN in-
terface, Ethernet interface and a Measurement PC. These components are installed
in a car. Camera is mounted behind the car windshield. It is connected to the CAN
interface to receive vehicle speci�c data and to the Ethernet interface for recording
measurements containing image sequences during the vehicle run through ADTF con-
�guration into the Measurement PC. The sequences are recorded by driving around
the vehicle and storing the data in a dat �le format. This dat �le consists of CAN
data, image frames and camera calibration parameters.

Ibeo RSS comprises of two Ibeo LUX sensors, one lane tracker SICK LMS sensor,
CAN interface, Ethernet interface, Garmin GPS receiver, Ibeo SyncBox and the Ibeo
ECU as depicted in the Figure 3.9. Two LUX sensors are used for better object detec-
tion with a larger �eld of view of the vehicle's surroundings. Additionally, the uncer-
tainty of the detection is less when two sensors are used for object detection. All the
components are deployed in a car along with Bosch Front Camera Measurement Setup.

Due to its hardware size constraint SICK LMS sensor is mounted on the car roof
with a downward tilt facing rear end of the vehicle i.e. backward facing. Due to its
downward tilt, the sensor is able to scan the road surface and provide information
about road markings, lane boundaries. The Ibeo LUX sensors are mounted on either
side of the front bumper.

The LUX sensors and SICK LMS sensor are connected to the Ibeo ECU through
Ethernet switch. Ibeo ECU receives vehicle odometry data from the connected CAN
interface. The LUX laser scanners in the fusion system are synchronized to GPS times-
tamp to take their scans at the same time with the same mirror side. The connection
between LUX sensors, Garmin GPS and Ibeo Syncbox is depicted in Figure 3.9. Here,
the Garmin GPS acts as a master and LUX sensors as slaves.

The data acquisition by Ibeo RSS is done using ILV software by connecting it to
the ECU. All scans that are taken at the same time by LUX sensors are fused and the
objects are classi�ed as cars, pedestrians and bikes by the ECU for visualization and
output. This fused, classi�ed data along with SICK LMS provided scan point cloud of
road markings is stored in an idc �le format.

Throughout the thesis dat �les and idc �les were recorded by the above mentioned
setups. Furthermore, the prerequisites for setting up the RSS hardware, details about
individual hardware components, Ibeo data �ow and the contents of an idc �le have
been elaborated in the succeeding section.
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3.3 Ibeo Reference Sensor System

As stated in the previous section, Ibeo RSS is setup in a car to generate the ref-
erence GT thereby providing an impetus for performance evaluation of Bosch Front
Camera. This section enlists the prerequisites to be performed for setting up the RSS
hardware, details of individual hardware components con�guration, Ibeo data �ow,
advantages/functionalities of post processing framework and contents of an idc �le
respectively.

3.3.1 Hardware

This part encapsulates the prerequisites for setting up the hardware, a consolidated
list of the used hardware components and the coordinate system with respect to which
all the components are con�gured and the measurements are provided.

3.3.1.1 Prerequisites

Before setting up the hardware, there are certain prerequisites that should be ac-
complished. Ibeo's object detection and tracking requires vehicle's odometry as an in-
put [33]. Hence, an access to vehicle's CAN bus is required. Simultaneously, dimensions
of the vehicles are also required. Figure 3.10 displays the prerequisites schematically.

Figure 3.10: Ibeo RSS prerequisites
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3.3.1.2 DIN 7000 Coordinate system

The coordinate system is de�ned in such a manner that the X-axis points in the direc-
tion of vehicle movement, Y-axis points towards the left i.e. lateral direction and Z-axis
points up as per the right hand rule convention. The Z-up convention is recommended
for several reasons. Plots of Y vs. X show a top view of vehicle trajectories, plots of
Z vs X show a side view of vehicle trajectory; vertical tire forces are always positive
and wheel spin rates are positive for forward vehicle speeds. [17]. With the Z-down
convention, all of these signs are reversed.

Figure 3.11: DIN 7000 coordinate System

Figure 3.11 explains the vehicle coordinate system i.e. DIN 7000 coordinate system
which is most commonly used in the automotive and aerospace industry [17].

Throughout the thesis, initial measurements were provided by Bosch Camera and
Ibeo RSS in this coordinate system. All the sensors are calibrated with respect to this
coordinate system. ∆ X represents the longitudinal distance from mounted position
of the sensor to the rear axle of the vehicle. ∆ Y corresponds to the lateral distance
from mounted position of the sensor to the rear axle of the vehicle. The center of this
coordinate system is at the rear axle of the vehicle. All the measurements are with
respect to the center of rear axle on the ground (0,0,0).
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3.3.1.3 Con�guration of RSS components

The interconnection between hardware components is explained in section 3.2. Figure
3.12 illustrates the toolchain of Ibeo RSS components con�guration schematically.

Figure 3.12: Ibeo RSS con�guration

Ibeo Laser View (ILV) software is the tool used for con�guring the components. It is an
integrated interface for recording and visualizing the data provided by Ibeo reference
sensors. It is mainly used for online recording and visualizing the idc �les [36].

Furthermore, it serves as the main tool for

� Online visualization of data received from Ibeo laser scanner systems both on
raw data level as well as on object data level

� Recording of Ibeo laser scanner data (single laser scanners and laser scanner
fusion systems)

� O�ine replay, visualization and inspection of recorded data, including tools for
assessment of object data

� Con�guration and calibration of Ibeo LUX scanners

During thesis, ILV software version 4.9.2 was used for recording idc �les by connecting
to the Ibeo ECU. Thereafter, the recorded idc �les were visualized frame by frame for
inspecting attributes pertaining to classi�ed objects and lanes that helped in formal-
izing the Ibeo data with respect to Bosch Label tool. This software provided support
for con�guration, calibration of Ibeo sensors. Simultaneously, vehicle CAN, vehicle
odometry data and the con�guration of all the devices connected to Ibeo ECU were
performed using ILV.
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The detailed description of RSS con�gured parameters using ILV is provided in Figure
3.13

Figure 3.13: Con�guration of RSS

Once, the required components are enlisted and their con�guration steps discussed, it
is necessary to get an insight about ways of obtaining Ibeo RSS tracked and classi�ed
data. Therefore, the ways of obtaining it and the overall Ibeo data �ow followed during
the thesis have been highlighted in the subsequent subsections.

26



3. Fundamentals 3.3. Ibeo Reference Sensor System

3.3.2 Ibeo data �ow

The two ways of obtaining Ibeo tracked and classi�ed data are described in this sub-
section. Moreover, an analogy is drawn to highlight the shortcomings of online tracked
data in comparison to post processed data.

3.3.2.1 Online Tracking

Figure 3.14 shows the Ibeo data �ow for online data recording. The data is recorded by
driving the car deployed with Ibeo RSS around the city. During measurement run, the
LUX sensors provide raw data to the ECU. Inside the ECU, the raw scan points are pre
processed to discard invalid points. During tracking, objects are built from segments.
In this process, the vehicle's own movement and the objects of the previous tracking
calculations (history) are used. Based on this, ECU estimates the target state and
classi�es it. This happens during the vehicle run and it entirely depends on the ECU
software. Simultaneously, the scan points pertaining to road markings and boundaries
from rear end of the vehicle are provided by SICK LMS. This data along with online
tracked objects data is stored in an idc �le. Thus, the output of Ibeo RSS is an idc
�le.

LUX sensor 1 LUX sensor 2

Pre processing

Tracking & Classification

Vehicle state SICK LMS

Odometry

Output Interface

Filtered objects Scan points from 
behind

Idc file:
Scan data

Object data
Vehicle data

CAN data

Scan pointsScan points CAN messages

Ibeo 
ECU

Figure 3.14: Ibeo online data �ow [30]
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There are certain drawbacks of online tracking. Firstly, the size of the detected ob-
ject is not uniform. This varies depending upon its distance from the ego vehicle. The
accurate object size is provided when it is closer to the ego vehicle. Secondly, several
instances of false classi�cation at maximum range can be encountered. For instance, a
vehicle being classi�ed as a bicycle or a truck at maximum range. Lastly, the present
lane markings are unavailable as SICK LMS sensor is mounted backwards and it pro-
vides past lane markings.

In order to obtain more accurate, precise data of objects and lane markings from
Ibeo RSS, online recorded data is processed o�ine. Post processing takes advantage of
the o�ine nature of the process and produces consistent tracking with proper object
description and constant classi�cation of all objects for their entire existence. It out-
puts an idc �le.

Table 3.2 draws an analogy between online tracking and post processing:

No. Online Tracking Post processing

1 Object size is not uniform Object size is uniform

2 False classi�cation at max.range Correct classi�cation at max.range

3 Lane markings are unavailable Lane markings are available

Table 3.2: Analogy

The drawbacks of online tracking listed above are less critical taking into consideration
the object size and false classi�cation but it does not provide present lane markings
due to the mounting position of SICK LMS sensor. Considering these factors, the data
generated by RSS is post processed to obtain accurate data to be used as reference
GT (idc �les).
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3.3.2.2 Post processing framework

iES is the post processing framework which is used for o�ine processing of the recorded
data. The input to this framework is the online recorded idc �le. This subsection di-
vulges details pertaining to the data �ow from online recording to post processing and
the functionalities of iES.

Figure 3.15 illustrates the �ow in which recorded idc �les are processed o�ine and
stored for further reference.

Figure 3.15: Ibeo Data Flow

At �rst, with the help of deployed Ibeo LUX and SICK sensors, the measurements
are recorded by driving around and storing the recorded sequences. These sequences
are stored in an idc �le format. Later, the recorded sequences are subjected to post
processing. The recorded idc �les act as an input to the iES. Output of post processing
is also an idc �le.

This framework provides several possibilities of obtaining more accurate reference GT.
It o�ers di�erent modules for post processing of dynamic objects to generate accurate
object data (size, position, speed) and lanes module for obtaining present lane mark-
ings based on the past raw point cloud contained in the online recorded idc �les.
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Figure 3.16 provides an overview of the functionalities o�ered by iES.

Functionalities

Automatic sce-

nario generation
Lanes Module Adapted output

Reference data

Post processing of

dynamic objects

Forward-Backward

tracking

No static
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points

Rotation and

Shifting as per

ego motion of the

car

Integrating into

the idc �le

Default frequency

- 25Hz

Data interpolation

as per speci�ed

frequency

Data interpolation

as per mentioned

timestamps

Figure 3.16: iES functionalities

Summarized information about the functionalities is provided below:

Automatic generation of reference scenarios: Data provided by horizontal LUX
laser scanners is processed in iES using o�ine tracking optimization in order to produce
reference data (i.e., accurate data that can be used as reference GT). This processing
takes advantage of the o�ine nature of the process and produces consistent tracking
with proper object description and constant classi�cation for all objects for their entire
existence.

Post-processing of dynamic objects: The post-processing of dynamic objects is
based on forward-backward tracking of the entire data (idc) �le. For each dynamic
object the �nal state is saved and then backwards tracking processes the �le again,
re-inserting the �nal state from each object at an appropriate time. The size is calcu-
lated at the end of processing as a weighted average over the entire track, with times
where the object was better visible having higher weighting. The �nal classi�cation is
the most common classi�cation over the entire track. Figure 3.17 depicts the accurate
classi�cation of objects after post processing an idc �le and visualizing it in ILV.
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Figure 3.17: Post processed objects

Adapted data output: The default output frequency of the data exported by the
iES is 25 Hz because the online recorded idc �le contains LUX sensors provided mea-
surements at 25 Hz. The iES R2016-05 allows data output interpolation according to
a given frequency or set of timestamps. This feature is required for data comparison
of the Ibeo reference data and DuT data. The data pertaining to Dynamic Objects
and Vehicle State can be interpolated to a given frequency or set of timestamps. For
exporting the interpolated data a path to the �le containing the timestamps is speci-
�ed. Additionally, the frequency (in Hz) plus the o�set (in ms) from the start of �rst
scan in the Ibeo trip data can be speci�ed too.

Lanes Module: The SICK sensor provides raw data pertaining to lanes with re-
spect to rear end of the vehicle. Hence, these raw scan points need to be processed
o�ine in order to get the ego lane segments based on current position of the vehicle.
Therefore, this functionality is desirable to get ego lanes from raw point cloud. Firstly,
the scan points are classi�ed into road marking points based on the re�ectivity as
seen in Figure 3.18. The region marked by an eclipse represents the re�ectivity corre-
sponding to each scan point. The echo pulse width of each scan point is normalized
by distance, since scan points at higher distance have smaller re�ectivity. The road is
separated into regions, for each region a re�ectivity threshold is calculated by the scan
points. Each scan point with a re�ectivity higher than the threshold is marked as a
road marking point.
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Figure 3.18: Road marking points from Sick scan points

Secondly, the entire road marking points classi�ed in the �rst step are collected and
compensated by ego motion. The points are shifted by position and rotated by course
angle to create a map of all road marking points with respect to the starting position
of computation. Figure 3.19 is an example of an idc �le containing ego lane markings
after post processing. Thus, in the end output of iES is an idc �le consisting of post
processed dynamic objects and lane markings.

Figure 3.19: Ego lane markings
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In addition to the aforestated functionalities and features of iES, certain shortcomings
related to dynamic objects and lanes are encountered.

O�ine tracking, post-processing is performed for dynamic objects only. The static
objects such as parked vehicles are not detected and tracked. Additionally, if the ve-
locity of a dynamic object is between 0 to 4 km/h then it will not be detected/tracked
in post processing. Though the point cloud (raw data) still exists for those objects.
Figure 3.20 shows the presence of scan points of a static object (parked vehicle) but
it is not detected/tracked.

Figure 3.20: No static objects

Furthermore, after post processing the accurate lanes are obtained only in certain
cases. Firstly, the lane markings should be available on the street for each lane and
are classi�ed correctly by the lanes module. Secondly, the road itself is mainly straight
and no special situations occur. Lastly, lane feature supports only highway and rural
environment whereas City/Urban situations are not supported.
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3.3.3 idc �le format

A summary of all the data types contained in an iES generated idc �le is presented
here. The post processed idc �le contains an integration of the data which is depicted
in Figure 3.21.

Carriageway

IDC �le

CAN Message Object data

Vehicle state

GPS WGS84

Figure 3.21: idc �le contents

Message parameters described in Table 3.3 are tunneled over CAN bus for each mes-
sage. They are stored as CAN Message datatype in idc �les.

Table 3.3: Ibeo provided CAN Message structure

No. Object header Description

1 Length of CAN message Length of CAN message in bytes

2 CAN-ID CAN-ID is a 11-bit identi�er,

29-bit identi�er is not supported

3 Device timestamp Time elapsed since start-up of CAN device

4 Receiving time Time when the Ibeo ECU receives the message
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Table 3.4 illustrates the host vehicle state data as contained in an idc �le. All angles,
position and distances are given in the DIN 70000 coordinate system.

Table 3.4: Vehicle state

No.Vehicle state Description

1 Time stamp GPS time stamp of vehicle state estimation

2 Distance(x,y) Distance from origin in x and y direction

3 Course angle Orientation

4 Longitudinal velocityLongitudinal velocity

5 Yaw rate Current yaw rate of the vehicle

6 Steering wheel angle Angle by which the steering wheel is rotated

Table 3.5 lists the GPS position attributes corresponding to objects and lanes. All the
positions are provided by GPS with respect to WGS84 .

Table 3.5: GPS position WGS84

No. Data Description

1 Time stamp Time stamp of position measurement

2 Device id Id of the GPS device giving the position measurement

3 Latitude Latitude of the position in radians

4 Longitude Longitude of the position in radians

5 Altitude MSL Altitude of the position above sea level

6 Course angle Course Angle in radians relative to North

7 Yaw angle Yaw angle in radians
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Table 3.6 encompasses the attributes related to object data. All positions and an-
gles are given in the vehicle / reference coordinate system DIN 7000 . The positions,
lengths, distances and sizes are coded in meters whereas angles are coded in radians.

Table 3.6: Ibeo ECU object data

No. Object header Description

1 Number of objects No. of objects transmitted per scene - one scan

2 List of objects Array of objects

3 Timestamp Time when the object was classi�ed

4 Object ID Object ID based on tracking

5 Classi�cation Most likely classi�cation:

0: Unclassi�ed

1: Unknown small

2: Unknown big

3: Pedestrian

4: Bike

5: Car

6: Truck

6 Classi�cation Quality Value determining the reliability of classi�cation.

Range is 0-100. Higher the value,

better the classi�cation

7 Object Box Size Size of the object in DIN70k (meters)

8 Object Box Center Object Center (X,Y)

9 Box Center coordinate Position of the center in DIN70k (meters)

10 Object Course Angle Orientation or heading of the object box (radians)

11 Relative velocity Relative velocity of the object in m/s

12 Absolute velocity Absolute velocity of the object in m/s
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The CarriageWay data type provides lanes information. The lanes are stored in the
form of CarriageWay segments. A CarriageWay segment holds ego lanes. An Ego lane
is again segmented into LaneSegments. This information is divulged through Tables
3.7, 3.8, 3.9. The lane structure is shown in Figure 3.22.

Figure 3.22: Carriageway structure

Table 3.7 enlists the attributes of a CarriageWay segment

Table 3.7: CarriageWay Segments

No. Data Description

1 ID The unique ID of this CarriageWay Segment

2 number of lanes The number of lanes of the segment

3 Next segment ID ID of the following segment

4 Previous segment ID ID of the previous segment
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Ego lane consists of the path traversed by ego vehicle during measurement run. Apart
from ego lanes, no adjacent lanes are computed or outputted in an idc �le by the iES.
Table 3.8 lists the attributes that an ego lane holds.

Table 3.8: Ego Lane

No.Data Description

1 ID Lane segment Id in the current

CarriageWay segment

2 Left segment id Left Lane segment Id:

3 Right segment id Right Lane segment Id:

4 number of lane segments Number of lane segments in a frame

The individual Lane Segment attributes are mentioned in the Table 3.9.

Table 3.9: Lane Segment

No.Data Description

1 ID Lane Segment id in the current lane

2 Lane Support Point Two connected LaneSupportPoints

per lane segment

3 o�set to Left lane marking O�set from LaneSupport point

to the left lane marking

4 o�set to Right lane marking O�set from LaneSupport point

to the right lane marking

5 lane marking types Lane marking types:

1. Solid

2. Dashed

3. Unclassi�ed

The usage of attributes related to Objects data, Carriageway data, CAN message and
Vehicle state mentioned in the above tables have been elaborated in chapter 6.
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4
Timing Issues

It is explained in the previous chapter that Front Camera speci�c data and Ibeo RSS
speci�c recordings are done in separate measurement systems, data �le and data �le
formats. This chapter thus highlights the timestamp o�sets of recorded �les due to
no synchronization between them and the resulting challenges that stress the need for
time synchronization in the current setup. Additionally, as two LUX sensors are used,
the importance of synchronization between them is illustrated too.

Each sensor has its own notion of time including its internal clock and capture rate.
Generally, most applications and algorithms using sensor output need to know one or
more of the following time aspects:

� Time of the day at which measurements are provided by sensors

� Sampling rate

� Clock accuracy in PPM

� Measurement environments

� Frequency of measurement

On considering the above aspects in this thesis, time of the day when the measurements
are provided by Ibeo RSS and Bosch camera is the same. Nevertheless, the frequency of
measurements and the measurement environments di�er for both the systems. Figure
4.1 provides an overview.

Figure 4.1: Challenges
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Bosch Front Camera generates image frames at a frequency of 30 Hz. Therefore, after
every 33.33 ms a new frame is captured and stored in a dat �le. The recorded dat
�le consists of corresponding frames having a time di�erence of 33.33 ms. Thus, the
number of frames and their timestamps contained in a dat �le are based on the camera
frequency.

The frequency at which Ibeo LUX sensors scan the surrounding is 25 Hz. Therefore,
after every 40 ms a new frame is scanned and stored in an idc �le. The recorded idc �le
consists of corresponding frames having a time di�erence of 40 ms. Thus, the number
of frames and their timestamps contained in an idc �le are based on LUX sensors scan
rate.

Additionally, since two LUX sensors are present in the current setup, their internal
clocks need to be synchronized. The mirror present inside both the LUX sensors is
responsible for the scan angle. It should have the same position at an instant for each
frame. Hence, along with internal timestamp, the mirror angle which is responsible
for scanning and detecting objects should have the same value for both the sensors in
every frame.

Importance of synchronization between Ibeo LUX sensors

Figure 4.2 is an example of a non synchronized system.

Figure 4.2: Non synchronized system [34]
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From tracking point of view, it is important to gather measurements of one object
from both sensors at approximately the same point in time. For this reason, the sen-
sors internal clock and their current scan angles should be synchronized, so that an
object is detected at the same time by both sensors. In Figure 4.2 a non synchronized
system is considered. The mounted sensors have an overlapping �eld of view. Vehicle
B is detected by both sensors, but there is a relative distance d between both de-
tections. Therefore, there is a time di�erence between the red and green scan points.
This is undesirable as it is not possible for Ibeo ECU to fuse the outputs of both the
sensors accurately. Hence, time synchronization and mirror synchronization between
Ibeo LUX sensors is needed.

Importance of synchronization between Camera and LUX sensors

If both the systems do not share a common notion of time then measurements pro-
vided by them drift in time and position thereby making it di�cult to interpret their
outputs. In the current con�guration, it is essential that they detect objects at the
same instant for a frame else the measurements provided by them will become futile.
Figure 4.1 highlights the challenges. If there is no synchronization, then the contents
of obtained reference GT cannot be used for pre-labeling. The mapping of per frame
Ibeo data to the camera captured image frames won't be possible because at an in-
stant camera's image and Ibeo's object detection won't align, resulting in mismatches
and o�sets. This will make it impossible to generate pre-labeled �les containing Ibeo
detected objects and lanes information. Figure 4.3 shows this schematically.

Figure 4.3: No synchronization - Pre labeling not accurate enough

If for a scene, image frame number present in dat �le is 2 and Ibeo scanned frame
number in an idc �le is 3. Then, the objects and lanes present in an idc �le cannot
be mapped to the camera image. As frame numbers are di�erent, the information
contained in those frames cannot be automatically associated. Thus, automatic pre-
labeling is not accurate in this case.

Hence, before formalizing and incorporating Ibeo RSS data, it is obligatory to �rst
synchronize their measurement timestamps with that of Bosch camera. The details
pertaining to the derived synchronization approach have been divulged in the next
chapter.
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Time Synchronization

As explained in chapter 4, time synchronization is required in the current setup. This
section elaborates the employed intermediate time synchronization method in the cur-
rent multi sensor measurement environment for facilitating pre labeling.

5.1 GPS - Ibeo Synchronization

As explained in section 3.2, two Ibeo LUX sensors are present in the RSS. Hence, it
is necessary to �rst synchronize them to a global clock so that their measurements
do not shift in position and time. It is stated in chapter 4 that for LUX sensors, two
di�erent kinds of synchronization need to be distinguished:

Time Synchronization by GPS Device

The internal timer of the sensors is synchronized to an external reference time. The
reference clock should have high - precision and should generate a very accurate pulse
per second (PPS) signal. Stratum 0 devices are also known as reference clocks [23].
Global Positioning System (GPS) clock is a Stratum 0 device [23]. Hence, one of the
accurate ways of synchronizing the internal timer of the sensors is by means of an
external GPS time source. The devices which provide position and other related in-
formation expect the data to be in National Marine Electronics Association (NMEA)
format [13]. Thus, GPS receivers also work on these NMEA standards. The GPS time
source - Garmin GPS NTP server provides a PPS and a NMEA data stream with the
current absolute time information to the Ibeo Syncbox [34]. To ease the signal trans-
lation issue and simplify the signal connection tasks, a Syncbox is used. It handles all
necessary signal translations and routings, enabling the distribution of the time sync
signals to the connected sensors [34]. The LUX sensors connected to Syncbox act as
slaves whereas Garmin GPS receiver acts as the master. Thus, Syncbox synchronizes
both the internal sensor timers to GPS timestamp. Figure 5.1 depicts this setup.
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Figure 5.1: Time synchronization between Ibeo LUX sensors [34]

Mirror Synchronization

From tracking point of view, it is necessary to gather measurements of an object
from di�erent sensors at approximately same point in time. Hence, the scan angles of
sensors need to be synchronized so that one object is detected at the same time by both
sensors. Thus, angular position of the scan mirror present inside both sensors, which
determines the current horizontal measurement angle, needs to be synchronized to an
external reference pulse. The mirror synchronization is based on 1 Hz reference PPS
signal and NMEA signal provided by the GPS receiver [34]. The detected PPS pulse
and NMEA signal is then provided by Ibeo Syncbox to the sensors. Thus, when the
synchronization reference PPS signal is received by the sensors, each sensor matches
its 0 degree mirror angle in that point of time [34]. Hence, the angular position of scan
mirror present inside both the sensors is synchronized to reference PPS pulse provided
by GPS.

Thus, Ibeo sensors internal timer and mirror angle are synchronized to GPS timestamp.

43



5. Time Synchronization 5.2. Synchronization between Camera and Ibeo sensors

5.2 Synchronization between Camera and Ibeo sen-

sors

As elaborated in chapter 4, there is a need to synchronize Bosch camera and Ibeo
reference sensors for obtaining synchronized reference GT to facilitate automatic pre-
labeling. Since, Ibeo sensors are synchronized to GPS timestamp, synchronizing them
with Bosch measurement system through GPS is possible. Bosch Camera does not sup-
port GPS. Hence, GPS based synchronization has to be implemented in the measure-
ment system. However, synchronization accuracy of 33 ms is su�cient for pre-labeling
study which is explained later. Thus, the derived approach with 33 ms accuracy is
called soft synchronization.

Soft synchronization in this case refers to synchronizing two events to a timestamp
generated programmatically or by some application. In soft synchronization, the in-
ternal clocks of the sensors are not synchronized. Instead they are synchronized to a
generated timestamp so that with respect to it, the provided measurements are syn-
chronized. Figure 5.2, illustrates the synchronization approach.

Figure 5.2: Camera frame counter via CAN

In Bosch Front Camera systen, each captured image is associated with a frame counter.
This frame counter is passed as a CAN message which is output by the camera onto
the CAN bus. Its value increments with every image. Therefore, this frame counter
message is an event triggered message which is sent out every 33.33 ms on CAN bus
by the camera. As, Ibeo RSS and camera are connected by the CAN bus, the frame
counter message is incorporated in Ibeo RSS acquired sequences. This will ensure that
the image captured timestamp is present inside the Ibeo sequences. The frame counter
values and its cycle time were analyzed using ADTF. Figures 5.3 and 5.4 depict graphs
plotted in ADTF to inspect the cycle times of frame counter message present inside
a recorded dat �le. Y-axis represents frame counter value and X-axis represents the
cycle time of the message. It can be inferred from the graphs that frame counter value
is incremented 30 times in one second. At 1.45 mins its value is 87864 and at 1.46 mins
it is 87894.
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Figure 5.3: Cycle time of frame counter message I

Figure 5.4: Cycle time of frame counter message II

45



5. Time Synchronization 5.2. Synchronization between Camera and Ibeo sensors

Additionally, Figure 5.5 depicts the di�erence in the time intervals of two frame counter
messages. On observation it was noted that the mean di�erence between their time
intervals is between 26 ms to 40 ms. This is su�cient for pre-labeling study.

Figure 5.5: Time interval di�erence between two frame counters

Therefore in this thesis, the camera frame counter was used to establish soft syn-
chronization between camera and LUX sensors. The Ibeo ECU associates the received
image frame counter value with its timestamp. Based on this timestamp, a correla-
tion between camera frame counter and Ibeo ECU time is obtained. Thus, the camera
frame counter is incorporated into the online recorded idc �les.

Additionally during post processing, the values are interpolated based on the con-
tained frame counter values in the idc sequences. Normally, iES outputs at 25 Hz
but it provides the functionality of obtaining the output to a desired frequency or
timestamp as shown in Figure 3.16. Due to soft synchronization via CAN, the output
frequency is interpolated to 30 Hz by iES similar to that of camera frequency. By do-
ing so, the Ibeo measurements are obtained at the same rate as that of camera. Thus,
camera and RSS acquisition rate is soft synchronized. Therefore, their corresponding
measurement �le formats such as dat and idc �les have same timestamps. Due to this
method of synchronization, synchronized reference GT is obtained. This makes it pos-
sible to map Ibeo RSS data (reference GT contents) to the camera acquired images
frame by frame so that pre-labeled �les are generated as explained in the next chapter.
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6
Conceptualization

The shortcomings of current scenario have been explicitly elaborated in section 3.1.
Ibeo RSS is incorporated in the current validation toolchain to get synchronized ref-
erence GT and enable pre-labeling to overcome those enlisted shortcomings. Hence
this chapter encompasses the planned thesis work �ow and the concepts formulated in
order to tackle following issues:

� Formalization of Ibeo RSS data

� Incorporation of Ibeo RSS data

� Mapping Ibeo objects and lanes information (reference GT contents) to the Bosch
label tool for generation of pre-labeled �les

This chapter is divided into two sections to divulge the concept details. In the �rst sec-
tion, the followed top down approach is explained. It includes Ibeo reference data acqui-
sition�Interpretation of acquired data�Mapping it to the Bosch Labeling tool�Generating
pre-labeled xml �les.

The second section covers the concepts related to the developed label toolbox. This
label toolbox is developed in C++ for extracting object, lanes information from idc
�les and mapping the contents to a label �le format for generating pre-labeled �les.
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6.1 Approach

Figure 6.1 illustrates the thesis work �ow schematically. At �rst, the Bosch Front
Camera Measurement System and Ibeo RSS are deployed in the car. After setting up
the hardware, sequences are recorded by driving around the city. One �le for camera
acquired data and another �le for Ibeo acquired data. From Figure 6.1, it is seen that
the data recorded by camera is stored in a Measurement PC in a dat �le whereas the
online recorded data by Ibeo ECU is stored in an idc �le.

Figure 6.1: Approach

Figure 6.2 displays the contents of a dat �le

.dat file

Calibration

intrinsic

extrinsic

online

Camera Frame counter

CAN message

Image frames

Figure 6.2: dat �le contents
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Figure 6.3 shows the contents of an online recorded idc �le

.idc file

Scan data

Vehicle data

Object data

No lanes data

Figure 6.3: Recorded idc �le contents

From Table 3.2, it can be inferred that post processing outweighs online tracking.
Throughout the thesis, the data �ow explained in Figure 3.15 has been followed. Hence,
the online recorded idc �le is o�ine processed using iES for obtaining lane markings
and more accurate dynamic objects. The contents of post processed idc �le have already
been explained in Figure 3.21. This �le cannot be directly loaded into the label tool
directly for visualizing its contents. Moreover, the measured objects and lanes data
from an idc �le are used for enabling pre-labeling. Thus, mapping this information
to the label tool �le format i.e. an xml �le format is necessary. For this purpose, a
software called label toolbox is developed. It is responsible for:

Figure 6.4: Label toolbox tasks

The output of the label toolbox is a xml �le consisting of pre-labeled, classi�ed objects
and lanes data generated from idc �le. This xml �le is loaded into the label tool
along with the camera captured images present in dat �les. Once both the �les are
loaded, labeled objects and lane markings for image frames contained in a dat �le are
visualized.
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6.2 Development of label toolbox

The technical details necessary for mapping data contained in idc �les to the Bosch
label tool are described in this section. Only the concepts necessary for the development
of toolbox are explained in the subsequent subsections. The implementation details
have been covered in a separate chapter altogether. This section is divided into two
subsections for divulging concepts related to objects and lanes separately.

6.2.1 Mapping Ibeo dynamic objects to Bosch label tool

Ibeo detected dynamic objects are present in an idc �le with datatype Ibeo ECU object
data as explained in the Table 3.6. For mapping them to the label tool, it is essential
to draw an analogy between Ibeo detected object attributes and label tool required
object attributes. These attributes correspond to:

� Object size (length, width)

� Object reference point coordinates (X,Y)

� Object classi�cation - car, pedestrians, truck and bicycle

� Object ID

Some of the aforementioned attributes are speci�ed in di�erent coordinate systems by
both the systems. For instance, the object size and position is speci�ed by Ibeo in DIN
7000 coordinate system i.e. every coordinate value is in meters. Contrary to this, in
the label tool the object size is speci�ed in pixel coordinates. Figure 6.5 depicts an
analogy between the object attributes in both the coordinate systems

Figure 6.5: Analogy between object attributes

50



6. Conceptualization 6.2. Development of label toolbox

Therefore for mapping the relevant object attributes, it is necessary to apprehend
the coordinate values and the coordinate systems. The DIN 7000 coordinate system
has already been explained in the Figure 3.11. Figure 6.6 shows the detected object's
attributes as provided by Ibeo.

Figure 6.6: Ibeo object attributes [32]

Out of these, the reference point, the length and width are provided in DIN 7000
coordinate system with respect to ego vehicle. These attributes are important as they
specify the object box coordinates drawn around the detected vehicle. The distances
and positions are given in meters whereas angles are given in radians.

Figure 6.7 depicts the camera captured image size. X-axis is the horizontal axis having
pixel values from 0 to 1279 whereas the vertical axis represents Y-axis with values 0 to
719. The axes correspond to the width and the height of the images. In addition, the
coordinates of an object as perceived by the label tool are visible. These coordinates
are simply the pixel coordinates.

Figure 6.7: Label tool coordinates
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6. Conceptualization 6.2. Development of label toolbox

For successful mapping of the object attributes, the values of the four corner points
corresponding to the detected object's box need to be computed. Thereafter, only
the upper-left coordinate and bottom-right coordinate values are enough to draw a
rectangle for every object in the label tool. According to the property of a rectangle,
height information is necessary for calculating the corner points. Thus, based on object
size (length, width), reference position coordinate and �xed height, the four corner
points of the rectangle need to be calculated and transformed into pixel coordinates.

6.2.1.1 Object box corner points calculation

As illustrated in Figure 3.2, a rectangle is drawn in label tool for vehicles, pedestrians
and bicycles. Based on the basic property of a rectangle, any two corner points are
enough to draw a rectangle. So an approach is formulated for calculating these points
from Ibeo provided attributes. The detected objects contain only width and length
information. The height information is not available. While performing calculations,
the height has been �xed.

Figure 6.8 depicts a schematic representation of world coordinate values of the de-
tected object with respect to host vehicle.

Figure 6.8: Object box corner points calculation
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6. Conceptualization 6.2. Development of label toolbox

Detected object's reference point corresponds to the distance of that vehicle with
respect to the host vehicle. This distance is provided in X and Y coordinates where:

n Reference position - center

� X coordinate (X distance) - Longitudinal distance from rear center of host
vehicle

� Y coordinate (Y distance) - Lateral distance from from rear center of host
vehicle

Depending upon length, width and X,Y coordinates of reference position the bottom
right coordinate of detected object's box was calculated by the formula:

n Bottom - right coordinate

X = (X distance - length/2)
Y = (Y distance + width/2)
Z = 0

For calculating the upper left coordinate, height of the rectangle is required. Since,
height information is not obtained from Ibeo sensors, this value had to be assumed.
On assuming height, the upper left coordinate was calculated by using the formula:

n Upper - left coordinate

X = (X distance + length/2)
Y = (Y distance � width/2)
Z = Fixed height

*length and width = detected object's dimensions

From Figure 6.7, only pixel coordinates are perceived by the label tool since the input
is a dat �le containing image sequence. Therefore, the calculated world coordinates
of object box corner points are transformed into pixel coordinates. The coordinate
transformation from world to image is done with the help of Bosch coordinate trans-
formation component. The details of coordinate transformation are explained in the
next chapter.
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6. Conceptualization 6.2. Development of label toolbox

6.2.1.2 Mapping object attributes

The label tool �le format structure consisting of relevant tags is generated by the
checker tool. As explained in section 3.1, before the vehicle run, if the tagging infor-
mation is provided and then the sequences are recorded by camera, the corresponding
�le is present in the recordings. The camera measured dat sequences are checked by the
checker tool to declare them as corrupt or non-corrupt. Depending on the attributes
present inside the dat �le, an xml �le (label �le format) is output by the checker
tool. An excerpt of the label �le format consisting of relevant tags is shown in Figure
6.9. Under the tag Object data, the object attributes from idc �le are added for pre-
labeling.

Figure 6.9: Mapping of objects

For each camera recorded frame, the �le hierarchy remains the same. The label �le
format generated from dat �le is based on the camera frame counter. Due to the
synchronization concept explained in chapter 5, the camera frame counter is incorpo-
rated into the idc �le. Whenever label �le frame counter matches the frame counter
value present in idc �les, the Ibeo detected objects and their attributes are mapped
to the Object data tag of the label �le structure for that particular frame. Figure 6.9
also shows an adapted version of reference object data extracted from idc �les. Frame
counter refers to the incorporated camera frame counter timestamp corresponding to
each image. Object received contains the objects detected per frame. Thus, Figure 6.9
depicts the mapping of Ibeo detected objects to the label �le format structure for every
frame.

Therefore, calculation of detected object box's corner points as world coordinates,
transforming them into pixel coordinates and per frame mapping of all the attributes
speci�ed in the Figure 6.6 to the label �le format for generating a pre-labeled �le of
objects are performed by the label toolbox.
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6. Conceptualization 6.2. Development of label toolbox

6.2.2 Mapping Ibeo lane markings to Bosch label tool

The SICK LMS sensor scans the road surface from rear end. Hence, lane markings
from front end are obtained after post processing. Thus, the lane markings from SICK
LMS sensor after post processing are present in an idc �le with datatype CarriageWay
as explained previously in the Table 3.7. For mapping Ibeo detected lanes to Bosch
label tool, it is necessary to draw an analogy between Ibeo detected lane attributes
and label tool required lane attributes. Figure 6.10 illustrates the according attributes.

Lane segment

Left lane segment Right lane segment

Segment Id

Start point of left

lane segment

End point of left

lane segment

Segment Id

Start point of right

lane segment

End point of right

lane segment

Figure 6.10: Lane segment attributes

Similar to object attributes, the start and end points of left and right lane segment
are speci�ed by Ibeo in DIN 7000 coordinate system i.e. every coordinate is in meters.
On the other hand, these points are perceived by the labeling tool in pixel coordinates.

Table 6.1 provides an analogy between Ibeo and label tool lane segment attributes.

No. Ibeo lane segment attributes Label tool lane segment attributes

1 Id Id

2 Start o�set (meters) Start point (pixels)

3 Interpolated intermediate points (meters) Intermediate points (pixels)

4 End o�set (meters) End point (pixels)

Table 6.1: Analogy between lane segment attributes
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6. Conceptualization 6.2. Development of label toolbox

6.2.2.1 Ibeo lane markings

Ibeo detected lanes are segregated in CarriageWays which are further segmented into
CarriageWaySegments. A CarriageWaySegment holds multiple lanes. Currently, only
ego lane is provided. Ego lane is partitioned into LaneSegments for approximation
of curvature. The lane structure is illustrated in Figure 3.22. It depicts an instance
where Carriagewaysegment is made up of an ego lane which in turn consists of two
lane segments. These attributes need to be understood as they will be mapped to the
label tool in order to draw lane makings for camera captured images.

A lane segment represents a section of each of the two sides of a lane. Figure 6.11
shows the architecture of Ibeo detected lane segment attributes for an ego lane.

Figure 6.11: Lane Segment [35]

From Figure 6.11, o�sets are provided relative to the system of the lane support point
(red). A lane segment is represented by two connected LaneSupportPoints. The Lane-
Support point has a (�ctitious) GPS position (WGS84) which represents the center of
the lane segment. The GPS position enlisted in Table 3.5 also holds the course angle,
which gives the heading of the center line of the lane segments. Currently the lanes
information are formatted as GPS but contains only relative distances in DIN 7000
coordinate system with coordinate (0,0,0) at start up location.

This start up location being the ego vehicle start position listed in Table 3.4. The
�rst instance of lane segment being the instant at which a valid ego vehicle state is
determined. Hence, they are absolute and not relative. From the 4 o�sets, the spanned
polygon represents the lane segment. These o�set values are important as they are re-
quired for drawing poly lines on either side of ego vehicle to depict the lane markings
for the traversed path.
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6. Conceptualization 6.2. Development of label toolbox

6.2.2.2 Label tool lane markings

Figure 6.12 depicts the lane markings as drawn in label tool. For each image frame in
the label tool, one ego lane segment is drawn. It is made up of four points on either
sides of the vehicle to signify the left and right ego lane segment. These four points
are connected with the help of polylines.

Figure 6.12: Camera Lane Markings

Thus in the label tool, each of the left and right neighboring segment have an asso-
ciated Id. Additionally, each of the four points of a polyline are represented by pixel
coordinates.

6.2.2.3 Mapping lane segment attributes

As, per segment 4 points are required by the label tool, based on start and end points
of Ibeo lane segments the intermediate two points of a lane segment are obtained by
interpolation. This interpolation helps in approximation of curves.

The start o�sets, interpolated intermediate points and end o�sets of Ibeo provided
lane segments are converted to its relevant pixel coordinate values as explained in pre-
vious subsection. Thereafter they are mapped to the left neighboring, right neighboring
segment points of the label �le format. These, mapped points are then connected with
the help of a polyline to depict lane markings in the label tool.
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6. Conceptualization 6.2. Development of label toolbox

Figure 6.13: Mapping of lanes

Similar to objects mapping explained in previous sub section, post synchronization
the Ibeo detected lane segments and their attributes are mapped to the Object data
tag of the label �le structure. Figure 6.13 depicts the mapping of Ibeo detected lanes
to the label �le format structure for each frame.

Therefore, extraction of lane segment values as world coordinates from idc �le, in-
terpolating to get more points for curve approximation, transforming those into pixel
coordinates and mapping it to the label �le format frame by frame to generate a
pre-labeled �le of lanes data are performed by the label toolbox.
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7
Implementation

As explained in section 6.2, a label toolbox was developed for generating pre-labeled
�les based on Ibeo RSS data. It was developed in C++ using Visual Studio 2010
IDE. This chapter divulges implementation details of the label toolbox. Diagrams and
charts are used to depict the logic and execution �ow. Figure 7.1 gives an overview
of the respective �les parsed and loaded into the toolbox to output a pre-labeled �le.
Additionally, various libraries used during development have been included.

Figure 7.1: Implementation overview

For better elaboration, this chapter is divided into multiple sections covering imple-
mentation phases such as loading the label tool schema, label �le structure, parsing of
idc �les, extracting its contents, coordinate transformation and mapping transformed
objects and lanes contents to the label �le structure to generate a pre-labeled �le for
loading into the label tool.
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7. Implementation 7.1. Work�ow

7.1 Work�ow

From Figure 7.1, it is seen that multiple �les are input to the label toolbox. Thus, it
is necessary to understand the work�ow or step wise activities performed. They are
represented graphically with the help of an activity diagram. The activity diagram
shows the label toolbox control �ow. Additionally, it represents the steps performed
that act as a solution model.

Figure 7.2: Label toolbox execution �ow

Figure 7.2 shows the sequence wise activities. Firstly, the label �le schema is loaded
followed by parsing of label �le structure. Once they get loaded successfully, the camera
calibration parameters are loaded. These calibration �les include the intrinsic, extrinsic
and online calibration parameters of Bosch Front Camera. Based on parameters present
in these �les, the coordinate transformation component is initialized. On successful
initialization, the idc �le is parsed into the label toolbox to map the contents present
in the idc �le to the already loaded label �le structure. Lastly, the label �le structure
is saved, execution stops and a pre-labeled xml �le is thus generated. The signi�cance
of these �les, their handling details and the software structure is discussed in the next
section.
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7. Implementation 7.2. File handling

7.2 File handling

This section encompasses the details pertaining to �le parsers, libraries and the logic
used to retrieve contents from respective �les.

7.2.1 Schema and label �le structure

Every xml �le has an associated schema i.e. XSD �le which speci�es the way to de-
scribe the elements in a xml document. This schema �le is also used by programmers
to verify each piece of item content in a document. Hence, xml �les have reference to
an XSD Schema [26].

As mentioned in the conceptualization phase, the label �le structure is generated by
the checker tool after checking the recorded dat sequences. This �le is an xml struc-
ture, it is dependent on the schema - labelschema.xsd. The label �le hierarchy and the
corresponding tags inside the �le are created based on the structure mentioned in the
schema.

The labelschema.xsd is loaded into the label toolbox to assist the parsing of label
�le structure (xml), its handling and creating additional tags inside it while mapping
the idc �le contents. Only those tags can be created that are mentioned in the schema.
In the end, once the idc �le contents are mapped to the label �le, loaded schema en-
sures that it aligns to the hierarchy speci�ed in the schema and thereafter the label
�le with mapped contents is saved successfully.

For parsing and handling these two �les, Bosch xml library was used. Furthermore,
this library facilitated in creating additional tags inside the label �le while mapping
idc �le contents to it. An excerpt of the label �le is included in the Appendices. Under
the tag <da:Groundtruth>, the total number of frames in a sequence are present.
Each frame has a <da:Framecounter> tag that contains the frame number starting
from 0 till the end and the frame counter associated with each image frame is present
in <da:Timestamp>. Post pre labeling, <da:ObjectData> tag contains the per frame
labeled information of objects and lanes.
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7. Implementation 7.2. File handling

7.2.2 Camera Calibration �les

It is understood from chapter 6 that coordinate transformation is required. The Ibeo
provided world coordinates of objects and lanes are transformed to pixel coordinates
for pre-labeling. This transformation is performed using Bosch coordinate transforma-
tion component. This component has to be initialized with Bosch camera parameters.
Hence, camera calibration �les are loaded, parameters are read from them to initialize
the transformation component for transforming from world to pixel coordinates. Fig-
ure 7.3 explains the initialization of transformation component schematically.

Figure 7.3: Coordinate transformation component initialization

After the schema and the label �le structure are loaded, the camera calibration �les
are loaded into the label toolbox. These �les contain the calibration parameters. The
camera intrinsic and extrinsic parameters are stored in intrinsic.xml and extrinsic.xml
�le. Simultaneously, the online calibration parameters are calculated and stored in on-
line.xml during the vehicle run. These 3 �les are loaded and the relevant parameters
are extracted from them. For parsing and handling these �les, XERCES library was
used. It provides an xml parser written in C++. Since, the implementation was done
in C++, using XERCES parser for handling calibration �les was convenient.

Figure 7.4 displays the parameter values that were read out from the loaded cali-
bration �les:

Figure 7.4: Camera calibration parameters
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7. Implementation 7.2. File handling

7.2.3 Parsing idc �le

It is seen from Figure 7.2 that after successfully loading the schema, label �le struc-
ture, calibration �les and initialization of coordinate transformation component, the
control moves to idc �le parsing. Thereafter, the execution �ow details are mentioned
in this subsection. For idc �le handling the functions provided by IbeoSDK were used
extensively. Since, objects, lanes information is to be extracted from idc �les and then
mapped to the label �le format, the respective logic is explained separately.

From Tables 3.6 and 3.3, Ibeo ECU Object datatype containing the objects data and
CAN Message containing camera frame counter is extracted frame by frame from the
idc �le. After that, the attributes are brought in label tool format and mapped to the
label �le structure. Figure 7.5 thereby provides details of the rest of the label toolbox
execution �ow from parsing the idc �le till generation of pre-labeled �les for objects. It
depicts the execution �ow of label toolbox code for extracting objects and generating
pre-labeled �le from it.

Figure 7.5: Implementation - extraction of objects

The starting point is the instance when schema, calibration �les and label �le structure
are loaded. Thereafter the idc �le is parsed and frame by frame data is read until the
End Of Frame has reached. For extracting and mapping idc �le objects to the label �le,
the object and CAN message datablock explained in the subsection 3.3.4 are registered.

For each frame the number of objects present in that frame and their attributes in-
cluding object id, object classi�cation, object size and its distance from ego vehicle are
read from the object datablock. Using the concept presented in Figure 6.8, for objects
classi�ed as vehicles, pedestrians, trucks and bikes the world coordinates of two corner
points representing the object box are calculated and converted to corresponding pixel
coordinates.
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7. Implementation 7.2. File handling

Simultaneously, the camera frame counter number is read from CAN message dat-
ablock for each frame. It is then compared with the current frame counter present
inside the label �le structure. If the timestamps do not match then no further action
is taken for that frame as pre labeling is not possible. If the timestamps match then
the transformed coordinates of an object, its id and corresponding classi�cation are
mapped to the label �le. Lastly, the pre-labeled �le is saved once all the frames have
been read.

For lanes, the CarriageWay datatype containing the lanes data, vehicle state datatype
containing vehicle speci�c data, CAN Message containing camera frame counter are
extracted frame by frame from the idc �le. Thereafter, the attributes are exported to
label tool format and mapped to the label �le structure. Figure 7.6 thereby provides
details of the rest of the label toolbox execution �ow from parsing the idc �le till
generation of pre-labeled �les for lanes data.

Figure 7.6: Lanes implementation

Upon loading the schema, calibration �les and label �le structure, the idc �le is parsed
to read the data frame by frame. From subsection 6.2.2, the lane segments are provided
only when the vehicle state is detected. When the vehicle state is not detected no lane
segments are present for that particular frame. Hence, no action is taken.

For every detected vehicle state, the presence of a valid lane segment is checked in
each frame and its according attributes including right and left segment id, right and
left segment o�sets are read. Based on the formulated concept, the world coordinates
of lane segment o�sets are transformed into pixel coordinates.

At the same time, the camera frame counter number present inside the CAN mes-
sage datablock for each frame is compared with the current frame counter present
inside the label �le structure. For every successful match, the transformed segment
coordinates and their respective ids are mapped to the label �le. Once, the data from
all frames are successfully read and mapped, the pre-labeled �le is saved.
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7.3 Implementation details

For ease, the implementation was split across separate �les. This facilitated structured
approach thereby aiding the development phase. This chapter thus provides a software
structure of the label toolbox and in the end excerpts of pre-labeled �les containing
objects and lanes data are exhibited.

Figure 7.7 illustrates the �le structure of the label toolbox. Prelabel.cpp is the main
�le. It includes all the header (hpp) �les. It is also responsible for transforming the
coordinates, mapping them to the label �le and saving the pre-labeled �le. The other
�les are individually responsible for loading and handling the respective �les as shown
in the �gure below.

Figure 7.7: Software structure of label toolbox
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The developed label toolbox is an executable which is executed through command
line. There are three command line arguments that need to be passed while executing
it. These include the executable name, the idc �le for pre-labeling and a text �le for
logging the contents, noting the time taken to generate a pre-labeled �le.

Figure 7.8 represents the passed arguments.

Figure 7.8: Command line arguments

During implementation, error return values were used for error management. Based on
the returned values it was easy to indicate that an error has encountered. For instance,
all functions used to parse the label schema, label �le structure, camera calibration
�les and the idc �les returned �true� for successful parsing of those �les. A return value
�false� indicated that the parsing was not successful. Likewise, in the end each success-
fully saved xml �le returned a �true� value signifying that pre-labeling was successful.

In this way, the label toolbox was developed to generate the pre-labeled �les from
Ibeo RSS provided objects and lanes information (reference GT). The sample snippets
of pre-labeled �les generated by the label toolbox for idc �les have been included in
the Appendices.

Due to soft synchronization, for image (frame) number 1, the Ibeo detected objects
for that frame - vehicle and pedestrian along with its attributes are mapped under the
<da:ObjectData>tag of the label �le structure. The <da:shape> tag corresponds to
the mapped object box shape. Tags <da:ul> and <da:lr> correspond to the upper left
and bottom right pixel coordinates of mapped object.(Refer pre-labeled �le - objects
from appendices)

As a result of soft synchronization, frame number 66 consists of mapped right and
left lane segment attributes under under the tag <da:ObjectData>, The lane seg-
ment points are connected by a clothoid. The tags <da:x> and <da:y> contain the
pixel coordinates of mapped lane segment o�sets.(Refer pre-labeled �le - lanes from
appendices)
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8
Results

This chapter enlists the performance analysis of pre-labeling with Ibeo RSS data. It is
further divided to discuss results related to time analysis of the developed label tool
box for several sequences by drawing an analogy between time taken by manual label-
ing and time taken by label toolbox for labeling the same sequences. The challenges
with RSS for automatic pre-labeling are identi�ed and understood by visualizing the
generated �les in the labeling tool. Lastly, the results underline the applied soft time
synchronization approach.

8.1 Performance Evaluation of label toolbox

Since, the objective of this thesis was deriving a method to synchronize Ibeo RSS with
Bosch camera in order to get the reference GT, it was tested by running an automatic
pre-label process. Thus, it is interesting to analyze the performance of label toolbox
developed for pre-labeling with respect to parameters such as time and cost. These
two parameters are considered because in manual labeling, the time consumed and
costs incurred are high. The time taken by label toolbox to generate a pre-labeled �le
for several sequences is analyzed and compared with respect to time taken for manual
generation of label �les for those sequences.

For thesis work, several sequences covering di�erent scenarios were recorded from Ibeo
RSS by driving around the city. The duration of these sequences ranged between 3 -
6 mins. Recorded sequences covered scenarios such as Highway, City, Outskirts and
Woods. Therefore, the time taken by label toolbox to generate a pre-labeled �le for
each sequence depends on the duration of the sequence,number of objects present in
a sequence for above scenarios and the computer performance. Therefore, the results
are segregated based on sequence duration and based on scenarios of objects.
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8.1.1 Based on sequence duration

The recorded idc sequences were parsed into the label toolbox for generating pre-
labeled �les containing Ibeo detected objects and lanes information. The sequences
were recorded during day time on Highways, City, Countryside and Outskirts. A se-
quence consists of multiple frames depending upon its duration. A 3 min long sequence
consists of 6000 frames whereas a 6 min long sequence contains 12000 frames. The time
taken to generate pre-labeled �les for about 16 sequences having a duration of 3 - 6
mins was tested. Figure 8.1 depicts the results graphically. X-axis represents the se-
quence duration whereas Y-axis represents the time taken by the toolbox to generate
pre-labeled �les for each sequence in minutes. It is observed that longer the duration
of the sequence, higher is the pre-labeling time. The average time taken is 10 mins.

Figure 8.1: Label toolbox time analysis I

8.1.2 Based on scenarios of objects

The number of objects present per frame of a sequence varies depending upon the
location. Since highways and cities are more crowded, the number of dynamic objects
is more in those areas whereas in outskirts and countryside, the presence of dynamic
objects is comparatively less. Thus, about 14 sequences having a time duration of
5 - 6 mins for all these locations were tested to check the pre-labeling time. Figure
8.2 depicts the results graphically. Y-axis represents di�erent scenarios for which the
sequences were recorded whereas X-axis represents the time taken by the toolbox to
generate pre-labeled �les for those sequences in minutes.

It can be seen from Figure 8.2 that pre-labeling duration di�ers from scenario to
scenario. For sequences recorded in woods, outskirts and countryside the time taken is
comparatively less. This is due to the presence of less objects per frame since those are
scarcely visited areas. At the same time for sequences recorded in highways and cities,
the time taken is more. This is due to the fact that the presence of dynamic objects
per frame is dense in these areas. Additionally, from Figures 8.1 and 8.2 it is observed
that for sequences having 5 - 6 min duration, the pre-labeling time di�ers because of
the presence of objects.
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Figure 8.2: Label toolbox time analysis II

Furthermore, it was observed that the maximum expected pre-label duration was
around 18 - 20 mins for an average number of 8 - 9 objects per frame.

Manually labeling the same sequences takes several hours. The manual labeling ef-
fort and time varies depending upon the object to be labeled. For instance, it takes
37 hours for labeling a pedestrian in a sequence of 5 min duration. Likewise, for the
same sequence, vehicle labeling takes 75 hours whereas lanes labeling amounts to 48
hours. Hence, it is expensive. Moreover, the performance of manual labeling di�ers
based on individual perception. It is not reproducible and di�cult to trace. Figure 8.3
illustrates the manual labeling e�ort for di�erent objects.

Figure 8.3: Manual labeling time e�ort

However, the pre-labeling process using reference sensors with the help of a label tool-
box is fast and reproducible. Simultaneously, the costs incurred are substantial as the
costs for purchasing RSS related hardware, tool licenses, setting up the hardware, de-
velopment and optimization are borne only once.
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8.2 Pre-labeling

As Ibeo RSS is synchronized with Bosch Front Camera Measurement system to obtain
reference GT, it is important to analyze the e�ectiveness of pre-labeling with respect
to the derived synchronization approach. The pre-labeled �les were visualized in the
Bosch label tool. The observations are divided into two parts.

8.2.1 Analogous to Objects

Even though their algorithms are still in development, Ibeo detection/tracking and
classi�cation is e�ective in most of the scenarios. In the label tool, objects classi�ed as
vehicles, pedestrians, trucks and bicycles can be visualized. Hence, based upon Ibeo
provided object attributes, the pre-labeled �les were generated for aforementioned
classes of objects.

8.2.1.1 Vehicles

For analyzing the pre-labeling of vehicles in the label tool, a scenario with presence
of dynamic objects was needed. Hence, sequences recorded on Highways were used for
this purpose. Figure 8.4 depicts an instance of correct pre-labeling of vehicles for three
consecutive image frames.

Figure 8.4: Pre-labeled vehicles

Figure 8.5 shows an excerpt of o�sets encountered in pre-labeling of vehicles present
in a highway sequence. For vehicles at a distance of more than 70 m, the object box
width o�sets are observed. In such a scenario, the object box is shifted to the right
side of the actual vehicle or an upshift is observed.

Figure 8.5: Pre-labeled vehicles - o�sets
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8.2.1.2 Trucks

The e�ectiveness of pre-labeling was evaluated for a highway sequence. Figure 8.6
shows an excerpt of 3 succeeding frames where a truck is pre-labeled accurately in
each frame.

Figure 8.6: Pre-labeled truck

Figure 8.7 illustrates the o�sets seen in pre-labeling of trucks for a highway sequence.
If trucks are closer to the ego vehicle and are present on the right side ego lane then
there is a mismatch in the object box width. It is less than the actual width of the
truck.

Figure 8.7: Pre-labeled truck - o�sets

Thus, Figures 8.5 and 8.7 demonstrate the o�sets which specify the need for cross
calibration between Bosch Camera and Ibeo sensors. The detailed description of the
need for cross calibration has been provided in the next chapter.

8.2.1.3 Pedestrian

A sequence recorded in a city consists of pedestrians and bicycles along with vehicles.
Hence, it was chosen for inspecting the pre-labeling of pedestrians and bicycles. Figure
8.8 illustrates the labeling for three back to back frames. Additionally, it is highlighted
in section 3.1 that manual labeling of pedestrians in each frame requires high e�orts
due to moving limbs. Thus, pre-labeling of pedestrians helps to overcome this and is
reliable.
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Figure 8.8: Pre-labeled pedestrian

8.2.1.4 Bicycle

Figure 8.9 exhibits accurate pre-labeling of object class - Bicycle

Figure 8.9: Pre-labeled bicycle

8.2.2 Analogous to Lanes

Currently, only ego lane segments are supported. These ego lanes are only provided for
sequences recorded on Highway and Countryside. For the sequences recorded elsewhere
the lane segments are not supported. Hence, the observations are exhibited pertaining
to pre-labeled �les generated for sequences recorded on Highway and Countryside.

With the help of formulated concept, the Ibeo lane segment o�sets seen in Figure
6.11 are mapped correctly to the image sequences where the ego vehicle traverses a
straight path for many frames. No o�sets in mapping are observed in such cases. Fig-
ure 8.10 shows an excerpt of a Countryside and Highway sequence where the mapped
lane segment aligns with the lane markings as seen in the image. This is represented
by a clothoid.
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Figure 8.10: Correct mapping of lanes

In the label tool, lanes are labeled within 5 - 15 m range in front of the ego vehicle. Thus,
for pre-labeling, the length of the Ibeo lane segment i.e. EndO�set (Centerline) as seen
in Figure 6.11 should be within 5 - 15 m range. Depending upon this length, the mapped
lane segment length is calculated. The provided EndO�set (Centerline) value ranges
between 25 m - 100 m. Thus, after mapping the according lane segment to the label
tool, it is seen that the objects present in front of the ego vehicle are occluded because
this length. Figure 8.11 illustrates an example of such an occlusion. The proposed
workaround solution and the steps that need to be undertaken for improvement has
been speci�ed in the next chapter.

Figure 8.11: Lane segment o�set

Therefore, the employed soft synchronization ful�lls the requirements for pre-labeling
with the help of label toolbox. This chapter highlighted results of scenarios where pre-
labeling was observed to be accurate. Simultaneously, the instances where o�sets were
observed are covered too. Moreover, during the thesis work addressed challenges that
describe the need for sensor cross calibration and assist in proposing solutions when
Ibeo RSS provides false detection and misclassi�cation of objects have been covered
in the next chapter.

73



9
Challenges with RSS

This chapter highlights the foreseen challenges with Ibeo RSS after visualizing the
contents of pre-labeled �les in the Bosch label tool. These observations help in under-
standing the need for cross calibration between camera and Ibeo sensors. Moreover,
it divulges information about the challenges with RSS that were experienced during
generation of pre-labeled �les and provides an account of the steps carried out to over-
come them. A summary of proposed solutions for improving pre-labeling with RSS is
also provided.

9.1 Ibeo detected dynamic objects

This section describes the encountered disparities in RSS detected object attributes
during pre-labeling and recommendations for enhancing the pre-labeling performance
of objects.

9.1.1 Calibration and pitch angle issue

Bosch Camera and Ibeo sensors are mounted at di�erent heights and at di�erent
positions. They are calibrated di�erently. For camera, the online calibration where
calibration parameters calculated during vehicle run are used for measurements. On the
other hand, Ibeo uses static or initial calibration parameters. Additionally, as height is
not provided by Ibeo, the vehicle pitch angle is not incorporated in their measurements.
Due to these reasons, for sequences encountering an uphill path, detected object box
shifts further above the actual object height. In case of a downhill path, the object
box is shifted further behind the actual vehicle. Figure 9.1 shows multiple instances
where pre-labeling does not align due to calibration and pitch angle issue.
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Figure 9.1: Calibration issue

This emphasizes the need for cross calibration between Bosch Front Camera and Ibeo
sensors so that pre-labeled object box height o�sets are minimized in case of uphill
and downhill paths. Likewise, there is a need to incorporate and synchronize IMU in
the current setup. As IMU provides vehicle pitch angle for each frame, it can be used
to minimize the encountered object box height o�sets considerably.

9.1.2 Misclassi�cation

In the label tool, objects labeled as vehicle, pedestrian, bicycle and truck can only
be visualized. Hence, the Ibeo classi�ed objects falling into that category are mapped
during pre-labeling. However, it is observed that for highway and city sequences, Ibeo
post processing framework (iES) classi�es certain vehicles as �unknown big� thereby
leaving them unlabeled during pre-labeling. This needs to be handled in the label
toolbox during the generation of pre-labeled �les. Since, only vehicles are misclassi�ed
as �unknown big�, it is appropriate to map such objects to vehicle class during pre-
labeling. Figure 9.2 shows the proposed approach to tackle this issue.

Figure 9.2: Misclassi�cation
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9.1.3 Object width

For certain dynamic objects, the provided object widths are invalid. The average width
of a vehicle is 1.8 m whereas the detected vehicles have a width within the range of
1.25 m - 1.6 m. Figure 9.3 shows an instance where object present in an idc �le has
its width equal to 1.44 m.

Figure 9.3: Object width-less than 1.8m

Since the sensor provided object widths are less than usual width, after mapping the
object data to the label tool, o�sets are observed as represented in Figure 8.5, the
width of the object box doesn't �t correctly. It is either less than the actual object size
or at times it is more than the actual object width. Figure 9.4 is a representation of a
pre-labeling instance where mapped object width is less than the actual object width.

Figure 9.4: Mapped object box width o�set
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The reason for inaccurate object width values provided by Ibeo is known. Since, Ibeo
sensors are laser scanners, the emitted light rays are re�ected back from the object's
surface and from those re�ected points, the width is calculated. As di�erent colors
have di�erent re�ectivity. The width depends on the color of the object surface.

In order to handle object width o�set scenarios, a possible solution is to generate
tags during pre-labeling with respect to each object depending upon its classi�cation.
If an object is classi�ed as a truck by Ibeo then irrespective of its width, a tag -�truck�
can be associated with the mapped object during pre-labeling. Thereafter on visual-
izing, the relevant tags can also be seen with the mapped object width. Figure 9.5
represents this possible solution.

Figure 9.5: Object tags during pre-labeling

9.1.4 False detection

Certain instances of ghost or false detection are encountered. Even though the object
is not present, still it is detected and it is present in the Ibeo post processed sequences.
In such cases, the falsely detected objects are mapped to the label tool too. To handle
these situations, the �Classi�cation Quality� attribute associated with each dynamic
object should be considered. It is present in the Object datatype which is listed in the
Table 3.6. The higher the value, more reliable is the classi�cation. For falsely detected
objects, its value is 0.66 whereas for correctly detected objects the value is 0.99. Thus,
based upon this value it can be decided whether to map the falsely detected objects
or not.

Furthermore, upon inspecting the pre-labeled �les in the label tool, it can also be
decided whether the false detection is actually for a static object or not.

Therefore, the aforestated challenges with RSS are encountered during pre-labeling
of objects. These challenges highlight the need for cross senor calibration and provides
proposals for improvement in pre-labeling with RSS.
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9.2 Ibeo detected lane markings

This section elaborates the addressed challenges of Ibeo provided lane segment at-
tributes. A description of its impact with respect to pre-labeling, steps performed for
improvements and the requirements that need to be ful�lled for e�ective and more
accurate pre-labeling of lanes have been speci�ed.

9.2.1 Insu�cient points per lane segment

Currently, 4 points per lane segment are provided by Ibeo. Out of these 4 points, 2
points are from behind the rear axle of the vehicle and 2 points are in front of the
vehicle. The start o�sets are provided from behind the rear axle of the vehicle whereas
the end o�sets are output in front of the vehicle. Figure 9.6 explains this architecture.

Figure 9.6: Points per lane segment

Since start o�sets are provided from behind the vehicle rear axle, new starto�set points
are calculated for pre-labeling as shown in Table 9.1

Table 9.1: Calculation of lane segment points

No. Points Calculation

1 New StartO�setLeft StartO�setLeft + ego Vehicle length

2 New StartO�setRight StartO�Right + ego Vehicle length
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By adding ego vehicle length, the new start o�set points are calculated in front of the
ego vehicle. The original Endo�set values are mapped as they are output in front of
the vehicle. This results in accurate mapping of lane segments to the label tool. This
can be seen in Figure 8.10.

However, when the traversed path is not straight these 4 points are not su�cient
while mapping them to the label tool in order to draw lane markings. From Figure
6.12, at least 8 points per lane segment are needed for appropriate mapping to the
label tool. These points should be in front of the vehicle for approximating the road
curves with ease. Hence, there is a need to obtain 4 points on the left and 4 points on
the right of the ego vehicle for each lane segment.

9.2.2 Lane segment updation

From Figure 9.6, the lane segment and its attributes (o�set values) updation frequency
is distance dependent and not time dependent. A new lane segment with its updated
attributes is provided every 50 m. Thus, for multiple frames the lane segment and
its corresponding values are same. This is su�cient when the ego vehicle traverses a
straight path for a considerable amount of time. Since, the traversed path is straight,
the correct mapping of lane segments is possible. This is depicted in Figure 8.10.

However, the lane segment updation frequency poses di�culties when there is a curvy
path. For each frame, the ego vehicle o�set with respect to the lane marking curves
will keep changing. This has to be taken care while pre-labeling. According to the
observations and tests performed during the thesis work, the lane segment attributes
should be updated per frame for accurate mapping thereby enabling approximation of
curves. Nonetheless, to be able to successfully approximate the curves depending upon
the current provided attributes certain steps were performed.

From Table 3.4, vehicle course angle is present in the idc �les. The provided lane
segment o�sets from Figure 9.6 were rotated by the course angle and these updated
o�set values were used for pre-labeling with an aim of curve approximation. As ex-
plained in the previous subsection, the total number of points output per lane segment
are insu�cient. With just 4 points, even the rotation by course angle does not su�ce
because more the points better the curve approximation. Hence, the recommendation
is to obtain more points per lane segment and at the same time, its updation also
needs to be time dependent i.e. a new lane segment per frame should be provided.
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9.2.3 Lane segment length

From Figure 9.6, range of the provided lane segment length (Endo�set) is within the
range of 25 m - 100 m whereas that is too long considering the camera detected lane
markings. The length should be approximately 5 m - 15 m. The lane segment length
caused di�culties while mapping it to the label tool. For certain scenarios, the mapped
lane segment resulted in occlusion of objects present on the ego lane as seen in Figure
8.11.

Figure 9.7 illustrates an approach that was articulated and carried out to minimize
the lane segment length to 15 m.

Figure 9.7: Minimisng lane segment length I

As explained in subsection 5.2.2, based on vehicle state, lane segments are output by
Ibeo. Hence, at �rst the position of vehicle with respect to provided lane segment
was calculated. Thereafter, orthogonal points from the vehicle position to the left and
right segments were found. Lastly, to these points 15 m were added to get the new
EndO�set points. This resulted in minimized lane segment length. Figure 9.8 explains
the performed steps.
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Figure 9.8: Minimising lane segment length II

Although the approximation of lane segment length was possible, the challenges per-
taining to lane segment updation and number of points caused problems in accurate
pre-labeling of lane segments during curves.

Thus, challenges identi�ed above are based on the analysis made during the thesis
work. The proposed and carried out approaches are possible solutions for improving
pre-labeling of lane segments with Ibeo RSS.
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10
Conclusion

In accordance to the results illustrated in Chapter 7, some concluding remarks of this
topic are presented below.

The objective of this thesis was to realize time synchronization in a Bosch Front
Camera Measurement System for facilitating automatic-pre annotation process with
reference sensors. The Ibeo sensors and Bosch Camera were synchronized based on
camera frame counter message.

The aim was to introduce an intermediate stage of automatic pre-labeling based on
the synchronized reference data or reference GT obtained from Ibeo RSS. This was
achieved with the help of a developed label toolbox. Based on the illustrated results in
Chapter 7, it can be concluded that the applied soft-synchronization approach ful�lls
the requirements for automatic pre-label process. The automatic pre-labeling process
is faster and reproducible as opposed to manual labeling process.

However, on evaluating the performance of pre-labeled �le contents by visualizing
in Bosch label tool, new challenges have been identi�ed. The reasons for those are
found and speci�ed. As far as objects are concerned, the Ibeo provided attributes are
su�cient for mapping dynamic objects attributes to the label tool but for improving
the quality, additional steps needs to be taken. These include cross calibration between
camera and Ibeo sensors and incorporating vehicle pitch angle while mapping object
data to avoid the overshoot and undershoot of object boxes with respect to the de-
tected object.

As far as lane segments are concerned, the Ibeo provided attributes are not su�-
cient for accurate mapping to the label tool. This is highlighted through results. The
manner in which iES lanes module outputs the lane segments is distance dependent
and not time dependent. But for e�ective mapping, a lane segment along with its at-
tributes should be outputted every frame. At the same time, points per lane segment
and length of the lane segment need to be adjusted as per Bosch label tool require-
ments. Thereafter, approximation of curves is possible. The aforementioned aspects
are recommendations for improving the quality of pre-labeling process.
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Future Scope

A synopsis of the future studies that can be carried out in accordance to this topic has
been provided.

Once, the requirements speci�ed in the concluding section are ful�lled and the re-
sults are more accurate, the scope of this topic is broadened. This has been elaborated
below:

Determining the performance for various use cases - As, during the thesis
work all kinds of use cases were not covered, there is a possibility of performance eval-
uation of the reference GT obtained from Ibeo RSS for sequences with rain and fog.

Cross calibration - Establishing cross calibration between Bosch Front Camera and
Ibeo sensors.

XSens IMU - Analyzing the performance improvement by incorporating IMU in
the current setup. Since IMU provides vehicle pitch angle for every frame, it can be
used to minimize the encountered object height o�sets considerably.

Surface estimation - The scan points provided by reference sensors can be used
for surface estimation.

Free space estimation - Free space estimation study can also be done to deter-
mine the area in front of the car which is restricted by obstacles or curbs.
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