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Abstract

According to the WHO (World Health Organization), world-wide deaths from injuries
are projected to rise from 5.1 million in 1990 to 8.4 million in 2020, with traffic-related
incidents as the major cause for this increase. Intelligent, Advanced Driving Assis-
tance Systems (i-ADAS) provide a number of solutions to these safety challenges.
We developed a scalable in-vehicle mobile i-ADAS research platform for the purpose
of traffic context analysis and behavioral prediction designed for understanding fun-
damental issues in intelligent vehicles. We outline our approach and describe the

in-vehicle instrumentation.

Keywords: Advanced Driving Assistance Systems, i-ADAS, In-vehicle research plat-
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Chapter 1

Introduction

1.1 Advanced Driver Assistance System

Advanced Driver Assistance Systems (ADAS) are a collection of applications that
will assist a driver to safely avoid accidents and minimize the consequences of traffic-
related incidents. Driving directly affects human lives and health: in 2006, in North
America, commuting led to 6 million accidents, 1.7 million injuries, and 39,000 fatal-
ities [1]. Yet the simplest of driving assistance systems, such as enhanced stability
control (ESC), may reduce single-vehicle crashes by 29 to 35 percent [7]. Even with
low penetration levels of ADAS technologies (five to 10 percent), the safety of every
vehicle increases [4].

Hypothetically, a crash-less car could be made much lighter without endangering
its occupants. Vehicle curb weight is a significant fuel consumption factor. As of
today, such lighter-weight vehicles cannot be manufactured due to enforced crash-
safety ratings.

Compounding the problem, traffic congestion is a growing concern worldwide as car
ownership continues to increase [4]. In a typical congestion situation, an aerial view of

the traffic reveals that cars occupy roughly only 10 percent of the available pavement.



ADAS technologies could improve this radically by automating longitudinal vehicle
control, for instance. Such systems could increase the density of traffic, with vehicles
following each other closely and safely, reducing the need to extend current highway
infrastructures [14].

Also of significance is the fact that the average driving age in western countries
is increasing. While this should not be a problem in itself, it has nonetheless been
established that the decline in cognitive and motor abilities affects the safety of drivers

and others around them [5] [3].

1.2 Intelligent ADAS

We address the physical design and implementation of an in-vehicle laboratory for
the development of intelligent, advanced driving assistant systems (i-ADAS). While
research on ADAS integrates a number of different functions such as forward colli-
sion detection and lane departure tracking [30], little attention was devoted to the
monitoring of events and factors that directly concern the driver of the vehicle. It
is only recently that cognitive aspects have been considered as a legitimate part of
i-ADAS [27]. Since 95 percent of all accidents are caused by human error, it is crucial
that these aspects of driving be a central part of i-ADAS [8]. Keeping the driver
as an active participant in the feedback mechanisms provides contextually motivated
informational support and offers immediate applications for enhancing safety [19].
The extended possibilities of integrated i-ADAS are very relevant research areas as
they do not intend to replace the driver as much as to assist in a safer driving process.
As has been pointed out by Petersson et al. [19], what remains to be automated to
reach the state where vehicles become completely autonomous, in a practical sense,
turns out to be difficult and elusive in everyday driving situations. However, it is

our belief that driver support through i-ADAS can be deployed more readily, with



consequent socioeconomic benefits.

1.3 Challenges

ADAS aim to improve driving comfort and the traffic safety. High-precision real-time
processing is required for such systems. Typically, ADAS consist of different detection
modules (e.g. pedestrian detection, lane detection, sign detection) associated with the
warning system to inform the driver [19] [27].

The accuracy of the detection modules in ADAS has a direct impact on the safety
of the vehicle and its passenger. The false positive detection of a stop sign, for exam-
ple, may bring the vehicle to a sudden stop, which increases the danger of crashing
with a following car. On the other hand, drivers may be in an accident due to the
misdetection of oncoming danger. Accuracy and the reliability are crucial factors in
ADAS.

Generally, a variety of data from different interfaces is used to improve the per-
formance of the detection modules. Glaser et al. [11] coupled navigation data with
visual data for detecting the lane. McCall and Trivedi [24] make use of vehicle state
(e.g. speed, accelorator and brake pedal position) collected through the Controller
Area Network (CANbus) and other motion-related sensors in conjunction with LIght
Detection And Ranging (lidar) and near-infrared cameras for a brake assistance sys-
tem. As this previous work has suggested, the infrastructure of ADAS must provide
a rich set of data about the vehicle’s surroundings for reliable ADAS design.

This means that a vast amount of data is continually sent to the processing unit.
This system must be capable of handling the collected data and sending these to
appropriate modules in a fashion that will minimize the delay.

Communication between different modules must be taken into the consideration

for designing the ADAS. In the case of a detection module that estimates the ground



plane, the results can be used in lane, sign, and pedestrian detection modules, and
provide a constraint to improve result accuracy. Because one module’s results may
provide a constraint to other modules, which could greatly increase others’ accuracy,
ADAS should provide an efficient inter-module communication mechanism.

During the data acquisition and inter-module communication, we must validate
data and the results from modules in real-time. Depending on the data and its
source, the data may not be valid after a certain length of time, or some data may
have higher priority over others. The system must provide a mechanism to support
the determination of those decisions.

Since the system is operating on a vehicle, the vibration of the vehicle introduces
additional noise in image data. The instrumentation should be selected to minimize
the effect of this vibration. Prior to processing the visual data, the module must
consider the impact of such noise as well.

Ultimately, the system should be able to monitor and understand the driver’s
intention and predict the future manoeuvre, and warn the driver in a manner that
minimizes driver distractions. To achieve this, we need a way to assess the perception

of the driver with respect to the environment of the vehicle.

1.4 Scope of the thesis

This thesis presents the description of the instrumentation of a vehicle for the on-going
ADAS development in the RoadLab project. The scope of the paper includes an ex-
planation of the types of devices used in the infrastructure of ADAS, and a description
of the software created for initiating ADAS development. In terms of hardware, we
will discuss the rationale to the choice of each device and its usage. The devices
include visual sensors, a Global Positioning System (GPS) unit, CANbus interface

and data processing units. The paper will also discuss the set of software interfaces



developed for the RoadLab ADAS: RoadLab Recorder, RoadLab Calibration inter-
face, and RoadLab Sequence Reader. We will discuss each interface’s functionality

and structure, briefly discussing the underlying methods.

1.5 Thesis Outline

The rest of this thesis can be outlined as follows: Chapter 2 gives overview of the
recent work on ADAS and how our work is related. Chapter 3 describes our system
infrastructure in detail. Chapter 4 describes our approach on camera calibration and
data synchronization. Then the use of the calibrated sequence is shown with stereo
computation in chapter 5. Chapter 6 provides the description of the applications
created as a part of instrumentation. Chapter 7 describes the data and the format in
which we collected it. Chapter 8 and 9 discuss the limitations and the evaluations of

the system. Lastly, we sum up our work and suggest possible future extensions.



Chapter 2

Related Work

2.1 Related Literature

While injuries per driven kilometre are in decline in developed countries [1], a reverse
trend can be observed elsewhere in the world, especially in regions where car ownership
is rising quickly.

Advanced Driving Assistance Systems are generally designed to support decision
making by providing ergonomic information on the driving environment, such as the
presence of surrounding vehicles, potential hazards, and general traffic conditions.
A large array of sensing devices and data fusion strategies have been devised and
deployed to create effective ADAS. Sensing may be performed with radar [14], [38],
lidar [15], or laser range finders [20].

However, a majority of ADAS rely principally on vision systems supported by
other sensor modes [23]. McCall and Trivedi [23] conducted extensive reviews on
“video-based lane estimation and tracking” (VioLET) systems. They reported that
laser radar sensors can perform well in certain situations, but multiple lanes can only
be detected with the aid of visual data. Therefore, visual data play a significant role in

most of the lane estimation systems, and data from other sensors are used for refining



the result in many detection-related tasks.

To refine and optimize the performance of ADAS, GPS data and additional in-
formation about the vehicle motion can be useful as shown in Glaser et al. [11] In
this work, they developed a lane departure warning system. The instrumentation
of their system included motion sensors, an enhanced map, a GPS unit and visual
sensors. The additional information from the motion sensors allowed them to take
into consideration both the lateral movement and the longitudinal motion.

Another example of a multi-sensored system is [24]. McCall and Trivedi [24] de-
veloped a brake assistance system that is aware of driver behaviour and the driving
environment. The need for braking is detected based on the laser radar range finder
and the data from CANbus (e.g. brake pressure, steering angle, and accelerator posi-
tion). Driver head and feet positions are also used for detecting such situations, where
the driver’s head position is monitored with color cameras, and near-infrared cameras
are used to monitor the feet. This system suggests the importance of considering the
driver as a part of ADAS.

As more attention is devoted to the driver’s perception d\uring the operation of the
vehicle, a number of researchers suggest different approaches for collecting data. There
are two main approaches for data collection: using a simulator [29] [18] and using an
instrumented vehicle [26] [2]. One of the advantages of simulators is that it makes
the data acquisition process easier in a variety of scenarios. Another advantage of the
simulator is that it allows the researcher to focus on a specific scenario. However, due
to the dynamic nature of the driving environment, a simulator may not be sufficient
to create scenes (e.g. vibration of the vehicle and illumination effects) for testing and
developing the complete ADAS.

Perez et al. [26] developed an in-vehicle data recorder. Their system is equipped
with up to eight medium-resolution cameras and one high-resolution camera. The

radar scanning system is used in the front of their test vehicle. They equipped a



24 GHz Doppler sensor to the underbody of the car for accurate speed measure.
Ultrasonic sensors are attached on both sides of the vehicle to measure the free space
around the vehicle. An eye-tracking system monitors the driver’s gaze and observes
the viewpoint. The system aims to record real-time data of the vehicle’s internal and
external state, and analyze driver behaviour in real driving situations.

Another form of widely used data is from event data recorders (EDRs). EDRs
are used in real vehicles to collect data. The data from these systems contain certain
information (e.g. engine faults, and a sudden change in wheel speed) from before,
during, and after a vehicle collision. These data typically do not contain video, sound,
location or any other external conditions. The United States National Highway Traffic
Safety Administration (NHTSA) uses EDRs for their crash investigations.

Data collection and processing must be performed in real time. In order to meet
this hard real-time requirement, early ADAS deployed special parallel architectures
using transputers [9], a massively paralleled Single instruction, multiple data (SIMD)
machine [6] and other computers. Even with the dramatic improvement of the com-
puting power over the last decade, complete ADAS with single personal computer
(PC) or a processor is not practical. A processing unit composed of multiple PCs
and custom hardware [34] [36] is a very common approach. In addition, the system
can take an advantage of graphics processing unit’s (GPU) parallel architecture to

improve its performance [31].

2.2 Our contribution

Our approach, while sharing elements with other’s work, is unique in several ways.
First, we designed a portable instrumentation requiring no modification to the ve-
hicular platform, using low-cost, off-the-shelf components that are widely available.

Second, our on-board computational approach rests on scalability. That is to say, ad-



ditional computing power can easily be added to the current instrumentation, without
any modifications to the existing system. This, of course, is a core requirement, as
algorithms must run in real- time. Third, the data collected by the in-vehicle labo-
ratory will be available to the research community. The infrastructure of the ADAS
research platform we are introducing will encourage other researchers join the field

and minimize the time and effort required in investigating ADAS or other related

fields.
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Chapter 3

In-vehicle Laboratory

3.1 System Overview

The design of the instrumented vehicle follows principles of sensor portability and
computing scalability. Sensor portability is achieved by using vacuum devices to
attach the instrumentation equipment, such as stereo camera rigs, LCD screens, and
GPS units, to the interior glass and external metal surfaces of the vehicle, without
performing permanent modifications to the vehicle. The odometry is obtained from
the On-Board Diagnostic systems (OBD-II) outlet located under the dashboard on
the driver’s side of the vehicle. Each minute, the sensory equipment sends two to six
GBytes of data depending on the number of visual sensors equipped, to the on-board
computer. With such large amounts of data to process, the computing equipment was
designed with scalability as a guiding principle. For this purpose, a disk-less cluster
arrangement was chosen essentially to provide the option of adding computing nodes
as necessary. Currently, the on-board computer is composed of 16 computing nodes
distributed over four boards networked with a gigabit switch. The nodes and the
switch are inside a portable server case, which in turn can be installed on the back

seat or in the trunk of the vehicle. The computer and instrumentation are powered
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with by 1500W inverter connected directly to the vehicle battery. The instrumentation

can be run continually without battery drainage.

3.2 Visual Sensors

Most ADAS heavily rely on the laser or lidar sensors to achieve their accuracy. These
sensors are costly and the high cost of ADAS is a constraint to the public market. To
overcome this constraint, low-cost, off-the-shelf cameras are selected as visual sensors.

The visual sensors on the vehicle should appropriately monitor the immediate en-
vironment (lanes, other vehicles, pedestrians, obstacles, etc). These hardware systems
must be capable of high sampling rates (30Hz or more) such that sufficient accuracy
in image processing and automated vision processes is achieved. It is useful to keep
in mind that the position of a vehicle moving at 120 kph chaﬁges by 33 metres every
second. The latency between the cameras and the data processing unit should be min-
imal. Firewire cameras minimize the latency of the data transfer. The 1394a firewire
bus supports 400Mbits/s while the 1394b firewire bus provides up to 800Mbits/s.

For these reasons, we have chosen “Grasshopper” camera;s from Point Grey (see
Figure 3.1). The Grasshopper supports both 400Mbits and 800Mbits bus with a
high frame rate. The camera can also be synchronized when multiple cameras are
connected to the same bus, simplifying synchronization issues for the cameras. For
scalability and the future extension, the image frames include time stamps that re-
solves synchronization issues with other types of sensors or other camera products.
All the image frames from visual sensors are synchronized to within 125 us. Once
synchronized frames are obtained, stereo depth maps are computed at frame rate,
based on the calibration parameters.

In order to achieve full coverage of the surrounding environment of the vehicle lab,

multiple cameras with different ranges are required. For these visual sensors, it is crit-
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Figure 3.1: The Grasshopper cameras from PointGrey were used for the RoadLab ADAS
instrumentation. The cameras can operate on either on a 1394a or 1394b firewire bus. The
cameras are capable of using a number of different lens types. Currently, we are using one
pair with 12.5mm and the other pair with 25mm lenses on a 1394a firewire bus.

ical to obtain precise calibration parameters such as lens distortion, the optical center,
and the external orientation of sensors with respect to each other. This calibration is
necessary to perform stereo computation and to estimate distances of objects (other
vehicles, pedestrians, etc.), which in turn greatly simplifies other vision-related tasks
such as estimating motion, tracking, and detecting obstacles.

Due to the nature of instrumentation on the vehicle, a relatively large amount
of effort is put into minimizing the vibration during the hardware design phase, and
professional automotive camera mounts are used. The visual sensors are mounted on a
single metal rod with vacuum devices attached at the both ends, and an additional rod
with the vacuum device is connected to the rod with sensors to triangulate the mount
and minimize the vibration (see Figure 3.2). In this way, cameras can be mounted on
any of the vehicle’s horizontal surfaces. We have tested mounting the visual sensors
on the top of the vehicle, on the hood of the vehicle, and on the windshield inside
of the vehicle (see Figure 3.2). The setup gives us great flexibility in the mounting

position without additional effort.
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(a) Mounting the visual sensors on the windshield
inside of the vehicle

(b) Mounting the visual sensors on the top of the
vehicle

(c) Mounting the visual sensors on the hood of the
vehicle

Figure 3.2: Different Experimental Configuration with Cameras.

3.3 GPS unit

The utilization of the Global Positioning System (GPS) is another important aspect of

ADAS [11]. ADAS applications require an accurate knowledge of road structures. The
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GPS data includes location information including altitude, latitude, and longitude, as
“well as.the course and the velocity of the vehicle. The information from a GPS unit
in combination with the map data becomes a powerful tool for ADAS.

" For our in-vehicle laboratory, the GlobalSat BU-353 GPS unit is used. The GPS
data is obtained through “gpsd”!, a GPS service daemon that provides an event-
driven architecture.” This is well aligned with our principle of scalability. gpsd sup-
ports numerous vendors of GPS units since it is independent of the driver. Another
. advantage of gpsd is the capability of socket communication. The data prbcessing
unit may cbnsist of multiple nodes to increase. its computing power. In a such case,
GPS data can be easily accessed by other ADAS components from different nodesv

without implémenting a new communication method.

3.4 CANbus interface

Contemporary vehicles equipped with On-Board Diagnostic systems (OBD-II) allow
vehicle sensors to report their current status, and constitute the interface through
Which odometry is made available in real time. Since 2008? the CANbus protocol is
mandatory for OBD-II. This standardization simplifies the real-time capture of vehicle
data. OBD-II to USB hardware interfaces with appropriate drivers are now commonly
used to route vehicle-related information to on-board computers or similar devices.
The available information relevant to i-ADAS ép’plications include current speed and
acceleration (longitudinal and lateral), .steeringwhe‘el rotation, state of accelerator
and brake pedals; ‘and independent wheel épeed, which are captured in real-time at
frequencies between 20 and 200Hz. These: elements provide the information that is
required to understand the manoeuvres affected by the driver.:

~The data from the OBD-II/CANbus is accessed by creating a software layer. Ad-

ditionally, the incoming data from the instrumentation includes timestamps; allowing

! Available at http://gpsd.berlios.de/ -
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the system to fuse and select data elements in a synchronized fashion.

In our instrumented vehicle, two types of bus speeds are available. Different
types of information are gathered through these buses. High-speed CANbus contains
information on the movement of the vehicle: brake pedal position, steering wheel
position, individual wheel speed, engine speed, etc. Low-speed CANbus interface
collects the state of interioroontrols:- signals, wipers, remote radio, phone controls,
hazard lights, fans, seatbelts, etc. |

All the information gat_hered from the CANbus interface is valuable: such infor-
mation is a great indication of the vehicle state as well as a driver’s operation of the

N

vehicle.

3.5 Data processing unit

On—board computing capabilities must be sufﬁcient to process incoming data in real
t1me To th1s end we have desrgned and assembled a computer for real—tlme data
processmg and fus1on con51st1ng of 16 cores, each runnmg at 3 OGHZ Wlth 16GB of
mternal memory and a 128GB Solld State Drlve (SSD) Wlth Linux Debian 5.01 as the
operating system (see Flgure 3 3) The nodes are networked with a high-end gigabit
network switch, and configured as a disk-less cluster, with the master node providing
the operating'system image to otheri"nodes.j‘ By our desién choice, it is easy to add
extra nodes to increase the number of cores and the computing power as necessary.
In addition, keach node canlbe ;equipped Wlth a C_UDAfenabled graphics c‘ard2 to take
advantage of GPU’s parallel a‘rc‘hitecture.k_ |

- The data processing unit: and instrumentation are powered A\Lyithza 1500Win\k/erter
conne_cted directly to tlie battery of the vehicle. The instrnmentation can run contin-
ually without battery kdrainag_e._ _To protect the deyices from thenoise,—contaminated

power, we have employed a power conditioner. The power conditioner cleans and

2CUDA is NVIDIA’s parallel computing architecture
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Figure 3.3: The Data Processing Unit for RoadLab: The processing unit in the image
operates with four computing nodes. The top node operates as a master to provide an
operating system image to other nodes. Only the master node is equipped with a hard disk.
Other nodes are configured to operate as a disk-less cluster.

filters incoming power and increases the durability of the system.

3.6 The Development of i-ADAS

The in-vehicle laboratory is used as a platform to collect the sequence of the road
images and test different ADAS modules. The recorded sequence shall cover various
scenarios on the road. Highway, urban area and rural road sequences are required
in various weather conditions at different times of the day. Since the change of light
sources and other illumination problems are challenges that the vision-based system
must overcome, it is critical to obtain such sequences as a part of the dataset.

The dataset provides rich information about the vehicle state and the surrounding



17

environment. This allows us to actively develop the various ADAS related applications

and modules.
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Chapter 4
Data Calibration

4.1 Camera Calibration

The dleucline in the cost of computer and cameratdeyirc_es‘ h»as‘ resglte.d,iﬁ a growth in
stérep-based applications. For visual sensors, it__)_‘is” g:ritical_ to obtain kprécﬁi'se calibration
parameters, suqh as lens distortion, the optical.cqnfger, :agp(ii' the external orientatjo_n of
sensors .with respect to.each other. Again, calibration. is required to pg;fo;m stereo
and to estimate distances of objects (other vehicles, pgdesi;\rians, etc.), which in turn
greatly simplifies other visioﬁ-felated tasks such as estimating motion, traclging, gnd
detecting obstacles. The RoadLab stereo calibration interface is created for thisgprq—
cess.

"g‘\“‘

4.1.1 _Ca_l‘i*brati_on Techmques : ‘.

LN

There are two main categories of camera calibration: photogrammetric and self-
calibration. A photogrammetric method is performed by observing a geometrically
well-known calibration object:in 3-D. The calibration objects are usually constructed
from two or three orthogonal planes or a single plane with a checkerboard patfe_rn

embedded to the surface.. The most well-known technique from this category is Tsai’s !
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method from 1987 [35]; despite the age of this method, the method delivers high
precision and therefore is very widely used.

The term self-calibration, or auto-calibration, is used when no calibration object
is required. - Instead, images taken by moving a camera in a rigid scene and. other
constraints on the internal camera parameters are used. Self-calibration was first
introduced: by MaybaLnk et al. [22]. Since Maybank’s proposal, the self-calibration
method has become an active reséarch topic in the Computer Vision community.
The self-calibration  method is very flexible. However, due to the large amount of
parameter estimation required by this apprbach, it is difficult to produce a precise
outcome. The results of such methods are not yet comparable'to the ones obtained
from photogrammetric methods.

The hybrid of the two methods above was suggested by Zhang [39], and became
very popular in the Computer Vision community. - Zhang’s method permits a Iﬁore
flexible configuration of the calibration object without dégrading the accuracy.

The researchers have conducted the number of reviews to assess the existing
calib‘ration methods. The recent literature reviews Cdﬁducfc\ed by Sun and Cooper-
stock [32] énd'SalVi et al. [28] provide details of the traditional calibration methods.
Salvi et al. make the comparison between methods from Tsai [35], Hall [12], and
Faugeras and‘To‘scani [10] to Q?bt}ain t}he&,m,QSt a(;cqfaté .me‘tl}(»)d.__Su’n.an‘d‘Cooper-‘
stock provide another comparison between methods from Tsai [35], Heikkilg [13] and
Zhang [39]. All the techniques reviewed by Sun and Cooperstock, and Salvi et al.
ére vpopular and widely used in the Computer Vision community. The result of thé
surveys indicated{ t}h@t’ ,:T’sai”s me'phod achieved"t;;he .highe‘sfc Pg;f(:)rmz‘a:,nc&g.‘_, I

The’revjiew from Sun and_Coqperstock.p@qoyers a drawback of Tsai’s method,
hgwe_ver. This drawb@qk is that _‘tl}e resul'_c:“ in the calibratiog is highly»sen:si)’pi}ve to
the setup of the calibration. To _é.,chie.ve,accuracy, one must p{egis‘elyj‘(;q:rlﬁgugga the

calibration environment, which requires a vast amount of time and effort. This is true
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‘for any:conventional method that is based on a world . reference approach. Zhang’s
method is less prone to noise from the calibrating configuration.

It is also worth noting the iterative nature of above methods." Clearly, there are
éxisting non-iterative models toﬁnd'the«solution, which are faster. The algorithms
do not suffer from problem related to: convergence and other iterative optimization-
related issues. However, the nature of noise on’the image significantly reduces the
accuracy. Therefore, the iterative refinements of the methods are the main .factors
in determining accuracy. We can clearly. see the. tradeoffs between accuracy and
flexibility.

- As Zhang’s title, “A flexible new technique for camera calibration,” suggests, this
calibration method can be easily performed in casual fashion with. acceptable accu-
racy'. This is well suited for the purpose of RoadLab. The position of ‘visual sensors
in the in-vehicle laboratory can vary from time to time. The’visual sensors can be
equipped with different ranges. By adopting Zhang’s‘metho‘d, we can minimize the

loss of accuracy and maintain great flexibility. -

4.1.2 CarneraCalibration,Proces‘s‘ -
In a typtcal camera calibration proceSS, there "are‘tx}vo types of pararneters thatneed
to be discovered. One is called the intrinsic parameters. This intrinsic parameters
describe the internal geometry and optical characteristics of the camera. ‘The extrinsic
parameters measure the position and the orientation of the cameras with respect to
each other. | ) S R - |
Zhang s cahbratlon method requ1res a planar checkerboard grld rmages with at
least two different orlentatlons The algorlthm uses the extracted corner pomts of
the checkerboard pattern to compute a prOJect1ve transformatlon between the im-

age pomts of the n dlfferent 1mages A homography of each view is then optlmlzed

1 According to Sun and Cooperstock [32], the acceptable accuracy for Zhang’s method is the
Normalized calibration error (Proposed by Weng et al. [37]) of 2.6.
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t‘hr;)ugh the Levenberg-Marquardt algorithm [25], which is a gradient-descent method
to minimize functions. The images of the two circular points must lie on an absolute
conic, which is a pdint at infinity. This constraint is used to establish a linear system.
Using this linear system, some intrinsic parameters are extracted.

- Corner extraction from the checkerboard is the key factor for the stable parameter
estimation. Once the corners are detected, an additional iterations are conducted to
find the sub-pixel accurate locatidn of the corner.. The resolution of acquired image
frame affects the accuracy of the detection as well. The resolution is set to 640 by
480 pixels. Once the parameters :}are‘e;svtimated, ‘the focal leﬁgth is scaled for 320 by
240 resolutions by division of 2.

In'addition, the visual sensors are calibrated iii:“"p'aiﬁrs. ‘ A’ﬁpaiir‘ with the same
focal 1éngth can be used as another coﬁéﬁfaint to yield StabléEiritrii.iSié:'péi'dmeters
estimation. The RoadLab stereo calibration interface was désig‘néd'‘fc‘iirt this'vplfo‘céﬁs‘s.r
The interface is implemented using a calibration ‘dl}gé)rithrii from the OpenCV 21 46pén
source library based on Zhang’é téchnic}ué [39] The calibration process ‘consists of
two steps. Intrinsic parameters are first ‘estimated for each sensor aﬂd'then;' based
on theSe; the ve/xt'rinsic'parameters for éensor pairs with the same focal length are

obtained. It is also possible to estimate the extrinsic parameters dynamically [8].

4.2 Camera Calibration of multiple stereo pairs

Once the parameters for each stereo pair with the same focal lengths are esﬂimated,
additional calibration is conducted. Since we know the intrinsic parameters of the
cameras, the calibration for all possible pairs of the stereo that share a common field
of view can be easily performed to estimate the relative position with respect to each
éfereo pair. The same calibration interface is used as the previous section, which is

based on Zhang’s method. This allows us to set all the cameras on the same coordinate
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eystem. : : o - ' ’
For the cameras that do not share a common view, addifional information is-
needed. One way of calibrating is to use a special calibration tool so that the stereo
pair can view the same object of known size to calculate the relative position of
eemeras. Another alternative is to detect the most distinct features around the envi-
ronment and track them (e.g. [21], [40] and [16]). The calibration of such a type of

‘configuration will be included in the future system.

4.3 Data synchronization

The data from v1sua1 sensors must be synchromzed Wlth data from CANbus 1nterface.
and GPS umt Each mterface creates a tlmestamp based on the system time. For
recording, the data acquisition rate for visual sensors will serve as the base. The GPS
and CANbus interface data stream is collected 'and attached to the image frame. At
an acquisition rate of 30 Hz, all the data gathered after the last image frame up to
the current frame is stored together.” The data format-for the recorded sequence is

~

discussed in detail in chapter 6. =~ -
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Chapter 5

5.1 Stereo Correspondence Algorithm

DiSparity maps are processed by mat'chiflg an object on two or more images with
the ,COrresponding' elements. Th'en_ﬂtlnle‘ fangie‘é)f‘ the object is computed using those
detected matches. The method for matching the objects can be categorized as local
or global. Local methods search smalljfegiotnsi based on the internal characteristics of
the given patch. Global methods consider physiéal’co'nst'faings’ such as the continuity
of the surface. Disparity mapé are \n}idelj} used ifi vision-based ADAS r.npdtﬂe's.' ‘'The
accuracy of the applications greatly de‘pends‘ on the disparity as a result. Due to the
hard real-time constraints on these ap;plic’ations,‘ they often rely on local matching
algorithms[ These aigorithms outperform the global optimization method. The lo-
cal methods can be further classified by feature-based matching or small area patch
correlation. Since features (e.g. edges, corners, or blobs) are mostly independent
of the lighting and viewpoint, feature-based methods may be more robust than the
ones using correlation. However, feature-based matching will result in sparse range

disparity® with additional time required for computing the feature extraction.

1Some parts of images may not have a detectable feature, therefore, resulting a disparity map
with missing values
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5.2 ‘Stereo Computation in RoadLab

We have deployed a stereo algorithm from OpenCV. The block-matching method
“in OpenCV for stereo is based on Konolige [17]. Konolige used area correlation to
optimize the .perfovrmance. He uses Laplacian of Gaussian (LoG) transform and L1
norin' (&béolute differénce) correlation. The result of the algorithm is improved further
by séaling the image and using multiple resolutions of the same image. In addition,
OpenCV uses MMX™ and Strreaming SIMD Extensions (SSE) instruction sets.

" Once the disparity map of the scene is ‘eét.i“mated., the map can be used in vafious
modules. The distance of the detected object from different ADAS modules is verified
using the map; it also provides additiopal criteria f\orit_h‘e d.ete.c‘t.ic‘)ril, modules. We have
pijor knowledge pf the size of vehicles, pgdestljiianjs‘(,. traffic signs “orvothgr, objects that
yequire ‘detecting. Since we kr‘low.,‘the’ ,(:iist.ance Qf ’phe gbject wit"h‘rgs'pect to the
yehjcle, we can estimate the sizeﬂof detected object. The esﬁmated size can be used
to distinguish the outliers.

The estimated values of disparity allow us to calculate the ground plane as well. By
e;;tra,g;ting the ground from the imaﬁgerfr’ame; andz‘1‘"e.’r‘r_;oy1ing\unn¢cessary inform‘ativon_‘
(eg. _ob je_cts above the ground), it Iis pqs:siblg_to buil}d, a proper region ovf> interegt in the
image (e.g. .search only bottom_half 'of.t‘hevii.rr'lagq, ‘whrich‘ is the grvourzld,\\fo"r detgcting
lane markings). This significantly ;educes_thg computation time afnd\'bri‘ngs”pAs‘_ one

step closer to real-time programming.

by
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Chapter 6
Data format and acquisition

A RoadLab research film sequence, which is stored in a folder, consists of XML files
and RDS files that are used to represent and ihterbret the data collected by thev
instrumented car. The number of files will vary with the length of the filming session
and the number of cameras used. |

The XML files contain camera parameters used to calibrate the cameras for use
as stereo pairs. The RDS _ﬁles contain an a:malgamation; of all the data collected by
the system at the time of recording. The RDS file names a;e auto-generated by the
' system and consist of sequential 10 digit numbers (with leading zeros). The RDS file
contains a header and a data sectlon The header contams 1nformat10n related to the
1mages .and cameras that are used to 1nterpret the data section. The data sectlon is
a serles_ o‘f: :data ‘frames., Each data_frame‘cohtams GPS data, CA_N\b'us’data and t,-th}e
image data. 'Sdince:‘the data from the CANbus messages have different frequencies, all
the CANbus data from the last image achISItIOIl to the current 1mage acqu1s1t10n is
stored in each data frame Therefore an addxtlonal data header is requlred for each
data frame to know the size of the CANbus data |

The number of 1mage frames 1n the data frame can also vary Smce the system

is easﬂy extendable dlfferent numbers of cameras can be used. The header of the
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RDS file contains the information acquired before reading the data (Size of the image
frame, number of the cameras used during recording sessions, colour information, and
frame rate)(see Figure 6.1). To avoid data loss, there is no compression in the image
frames, and a bitmap format is used. The image frames can be stored in RGB or
gray-scale. At the time of writing, we are collecting image frames at 30Hz with 320

by 240 pixels.

Figure 6.1: RDS File Structure: The file header consists of the image acquisition frame
rate and the image format. The data frame is created for every frame. Each data frame
contains GPS data at the time of the image acquisition, the CANbus messages since the
previous frame. The images in the data frame are stored in a sequential manner based on
the ID number of the camera on the firwire bus.

The camera parameters are stored in XML format. The intrinsic and extrinsic pa-
rameters are stored in separate files for each camera and each camera pair. Therefore,
if the configuration of the system is consistent, one can easily replace the parameters

from different calibration tools if necessary.
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Chaptery 7 |
RoadLab Application

7.1 RoadLab Recorder

The main environment of the RoadLab applications is Linux and deployed GTK+/ gtkmm!
for the user interface development.. GTK+/gtkmm are very well known open source
cfoss—platform vtoolkits..vTherefore, applications can be easily ported to Mac or Win-
dows. . o R R B RN EPE EUTAD AN ST T PR T U

The data recorder plays an important role in RoadLab. ’it is responsible for.data
acquisition, which allows us to develop ADAS modules. The recorder consists of mul-
tiple threads. Each thread is responsible for.communicating with hardware interfaces
and writing the input data to the hard drive. :

We have to minimize the data loss during filming. The bottleneck for recording the
sequences is writing data’ on the physical media. The common procedure for writing
data on the hardware is to read data from the interface, and then buffer.the data, and
finally, write it.on the actual storage medium.‘ f Increasing the number of write calls
can reduce the system performance dramatiéally.

- In order to reduce the number of write calls, we have employed a cyclic queuing

mechanism. All the acquired data is first queued onto -the memory. Since the speed

1Toolkit for creating graphical user interfaces, more detail available at http://www.gtk.org/


http://www.gtk.org/
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of memory is signiﬁcantlyﬂ higher than the writing speed on the physical medium,
the delay is minimized. We have implemented the queue in a way that en—queuing
can be possible while de-queuing is in progress, and vice versa. The writing call is
thr:eaded, as We.have mentioned’, to keep‘ any blocking the data acquisition process to
a minimum. o

_:In addition, the recorder provides a way to view stereo computation in order:to
quickly test the sequence and allows encoding of image data to compress the data if

necessary (see Figure 7.1).

7.2 RoadLab Calibration

The calibration software allows us to estimate and store_the intrinsic and extrinsic
parameters for available cameras. Prior to the calibration process, we need to know
the number of columns and rows on the calibration board with a checker pattern,
along with its’ width and héight. If the intrinsic parameters of the selected camera
were already available, then the user can Choose to calibrate}the extrinsic parameters
only. When the chessboard pattern is presented in the scene: the calibration software
will detect the number of corners. If the number of corners were valid, it allows the
user to save the 1mage frame Once the user 1s collected more than two pairs of 1mages
he / she can run the cahbratlon that estlmates the camera parameters and saves these
parameters in XML format The 1mages used in the cahbratlon can be stored and
can | be used as Well (see F1gure 7. 2) o

Once the calibration is done, users can test the result by rectifying current cameras
or hy computing disparity. From our experience, we have discovered that for reliable
parameter estimation, the calibration image set should cover all areas of the image.

~ The calibration tool adds great flexibility to the RoadLab instrumentation. The

location of visual sensors can be changed as often as needed for the desired coverage -
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Figure 7.1: RoadLab Sequence Recorder: The recorder either allows a user to view two pairs

of images in real-time, or from a previously recorded session.

Users can choose the viewing

mode of the pair, selecting from raw, rectified, or stereo. The raw mode displays the images
directly from the cameras or the recorded file. The rectified mode shows horizontally aligned
images of the selected pair (using the calibration parameters.) The stereo mode computes a
disparity map and shows the result. The user can change the view mode at anytime during

the recording and playback sessions.

bottom pair stereo mode.

of the surroundings.

The top pair of images above uses raw mode and the
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Figure 7.2: RoadLab Calibration Interface: The calibration interface allows us to calibrate
the cameras and store the parameters in XML files.

7.3 RoadLab Reader

The goal of the reader application (see Figure 7.3) is to allow any users to download
and test the sequence. Therefore, the reader supports multiple platforms including
Windows, different Linux distributions and OS X. The source code of the reader is
available with recorded film sequences on the web.

The rectification and depth map computation features are integrated into the
reader so that other researchers can use the 3D information without additional effort.
The plan for the reader is to include the ability to add functionalities as a module,
so that users can easily add their own functions to test their results rather than

modifying the reader code.
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Figure 7.3: RoadLab Reader: Once the road image sequences are stored using the recorder,
data can be viewed using the reader. On the reader, users can select the desired camera pair
and view the recorded sequence. The reader shows the images directly from files, as well as

the rectified images and a computed disparity map.
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Chapter '8
Limitations

There are several limitations with instrumenting a vehicle for purposes such as ours.
On the sensing side, using vacuum devices to attach the instrumentation to the vehicle
limits the time of continuous vehicular operation to 30 minutes. After this time, the
vacuum device pumps must be operated again to securely maintain the equipment
in place. In addition, long-range lenses (with long focal lengths), when installed on
the stereo systems, are sensitive to vibrations generated by both pavement condition
and vehicle operation, resulting in a degradation of the ra,w\3D depth data. This
problem is worse when the mounting configuration is located inside the windshield,
as it introduces distortions that cannot be easily corrected.

The availability of on-board computing power is inherently Iimite(i by the available
space and electrical power in the vehicle. For instance, the use of high-resolution
cameras would severely compromise our requirements for frame-rate processing. In
this case, the problem may be addressed by replacing the computing nodes with GPUs, |
involving significant material costs. There is also the possibility of vehicle battery
drainage With— the use of high-end computing equipment, requiring the installation
of a high-output, after-market vehicle alternator. In addition, our use of solid state

drives limits the amount of time the vehicle can be operated in recording mode. In
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our case, this limit is between 10 and 30 minutes, depending on how many visual

sensors are in use while recording.
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Chépter 9

Performance;Eyalﬁation of

Plathfm

The dual stereo systems constitute an essential component of the instrumen_ted vehicle
and, for this reason, their performance (related to raw 3D depth data) is Crucially
impoitanﬁ. We first consider the problem of range resolution, which is inversely _felated

to object distance. The relationship governing range resolution is given Ey

~

A—HAd T - (0)

Where T 1s dlstance to object f , focal length of 1mag1ng lens b, stereo basehne length;

and Ad plxel size d1v1ded by the- 1nterpolat10n factor of the eplpolar scan—lme al—‘.
gorithm (for sub-pixel-precision 2D matching). The range resolutions for our dual
stereo systems constitute a feli.able”iridAicetio‘ﬁto‘f the ervor levels contained in the
depth data, 'prox‘rided that calibration is accurate and that the depth’ measurements
do not stem from incorrect 2D matches (‘due‘ to ‘occlusion, ’s‘p:a"tial‘ 'alias‘ingl,:'i.mag'e}
noise, or related 'pro‘bl'em's)r. Many dense stereo vision algorithms have 'been compar-
ati\;ely evaluated (1nclud1ng that of Qp'enCV, which we use) Wlth image sequences

for Which' true depth is ébv‘aileble"in:ferrxns‘ of 4ine'o"r\1jbect match density and resilience
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to noise [33]. The short-range stereo system has a baseline of length b= 357 mm, a
smallest detectable 2D disparity of T f a pixel, a focal length of / = 12.5 mm, and
a physical pixel square size of 4.40 pm. The long-range stereo system differs only in
its baseline (b = 678 mm) and focal length (/ = 25.0 mm). Figure 9.1 shows the
range resolution functions for both stereo systems. As expected, the range resolution
of the long-range stereo pair surpasses that of the short-range, due to an extended

baseline and a longer focal length of the lens.

Range Resolution of Dual Stereo System

0 10 30 30 40 50 60 70 80 90 100 110 130 130 140 150

Distance Im)

Figure 9.1: Range resolution functions for dual stereo system, from 0 to 150 m. As shown,
the error rate of the stereo system will exponentially increase with respect to the distance

We have computed the average match densityl of both the long- and short- range
stereo systems using instrumented sequences produced with the vehicle on public
roads2. Results are reported in Table 9.1, where different values of the minimum

disparity3 were used. As can be observed, the short-range stereo system performs

IrThe number of matched pixels out of the size of density map is averaged.

2The instrumented sequences used to perform these computations are publicly available at
www.csd.uwo.ca/faculty/beau/ roadlab-download/index.html.

3The minimum disparity parameter controls the offset to the disparity search window. Increasing
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better in terms of density, due to several factors, including the reported fact that

operational vibrations introduce more noise in long-range systems.

Table 9.1: Stereo match density for short and long-range systems, where d is minimum
disparity and D is match density with standard deviation o.

Stereo Average Density

Short-Range Long-Range
d =32 d=064 d=064 d =96
D | o D o D o D o
71.6% | 9.0% | 82.5% | 10.1% | 49.4% | 7.7% | 41.3% | 7.5%

The performance of the quad—core computmg nodes is largely sufﬁment to execute
the stereo software at 30 fps. Whlle one core sufﬁces for the stereo computatlon other .
cores may also be 1nvolved in processmg other v1sual aspects of the captured frames
and hence the speed at Whlch frames can be transferred from one node to another is
a crltlcal constralnt By way of a hlgh—end glgablt SW1tch the cores transfer frames ’
(Wlth resolution of 320 by 240 plxels) between nodes at 1. 4MHz (or 0.7 ms per frame)
a speed that does not 1mpede the performance of the system Add1t1ona11y, the hlghest
transmlssmn rate on the OBD II CANbus was measured at 200Hz, and our system
reads and stores CANbus status at 2MHz ensurlng that no 1ncom1ng message could

be missed out?.

positive values have an effect similar to augmenting the convergence of the stereo cameras.
4Performance ratings of other aspects of our instrumentation such as the GPS device (GloablSat
BU-353) is published by manufacturers and not reported herein.



37

Chapter 10
“Conclusion

The complete infrastructure for the development of i-ADAS was descrlbed in detail.
We have developed vehlcle-lndependent portable and scalable 1n-vehlcle mstrumen— )
tatlon for 1—ADAS Our motlvatlon to develop th1s 1n—vehlcle research platform stems
from the observatlon that whlle 1nJur1es per drlven kllometre are in declme in devel—
oped countrles the reverse trend can be observed elsewhere in the World [1] Tech—
nologies such as 1—ADAS have the potentlal to s1gn1ﬁcantly reduce vehicle accidents
and their consequences. :

We have made the datasets collected from our platform available to the public.
These dataset can be read through the applications we have provided, which are also
available to the public. The reader application can be easily mod_iﬁed to utilize the
data as one needs Researchers can save tremendous amounts of t1me 1n 1n1t1ahz1ng
their projects, and focus on thelr new methods Furthermore researchers with existing
ADAS can test their performances before their actual road test.

" In future Work,‘“'the calibration »algorithms for vision sensors that do not share
a common field of view will be more closely investigated and integrated into the

platform. The visual data of thevdriver’may be added to the dataset as well.
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