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"... and at night, by the skill of Argo, 
they reached broad-Bowing Phasis, 

and the utmost bourne of the sea." 

Apollonius, T H E ARGONAUTICA, Book II 
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Preface 

During the last decade, the subject of Intelligent Transportation gained 
strategic importance and widespread relevance. Many projects were 
launched worldwide aimed at analyzing the problem of people's mobility 
and goods transportation from a number of different perspectives; and it is 
in the last few years that the first prototypes of both vehicles equipped with 
automatic driving facilities and road infrastructures supporting these func­
tionalities, are being tested and demonstrated to the public. This book 
surveys the history of intelligent vehicles, discusses some of the different 
approaches developed worldwide by a large number of research institu­
tions, and presents the solutions adopted by the Universita di Parma in 
the ARGO project, which started about 10 years ago within the Eureka 
PROMETHEUS project. In particular, this book illustrates the problem, 
proposes some of the different solutions, and details the design, the de­
velopment, and the engineering of a hardware and software platform for 
Automatic Vehicle Guidance, as well as the set-up of two prototype vehi­
cles. 

Among the main results of this research, the GOLD (Generic Obstacle 
and Lane Detection) system is presented; it is an automatic driving system 
which has been integrated on ARGO -a Lancia Thema 2000 passengers' 
car- allowing to drive the vehicle autonomously in real traffic conditions 
along highways and freeways, with no requirements of additional specific 
road infrastructures. 

The results of this long term research was demonstrated to the interna­
tional scientific community and to the public in the first week of June 1998 
with a journey through Italy, the MiUeMiglia in Automatico tour, during 

vii 
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viii Preface 

which the vehicle drove autonomously for about 2000 km. The experience 
of this demonstration is discussed in the book, along with a description of 
the main advantages and problems encountered. 

This book is divided into three parts. The first part presents the motiva­
tion of this research and a brief history of the main projects launched world­
wide aimed at vision-based vehicle driving. The second and third parts are 
related to the ARGO project. Part II describes both the algorithms and 
hardware platforms developed during the whole project -starting from the 
very first implementation, up to the current one- and presents the equip­
ment installed on the ARGO prototype vehicle. Part III shows a report of 
the extensive test that was performed on ARGO and analyzes the problems 
encountered and the overall system performance. 
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PART I 

INTELLIGENT VEHICLES 
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This first part of the book presents the motivations that triggered off 
the high interest towards Intelligent Transportation Systems and describes 
the social and economical impact that automatically driven vehicles will 
cause in the future. Then, after the analysis of the main requirements and 
consequential benefits, a brief history of Intelligent Transportation Systems 
is presented. Finally, it describes the results obtained in this field by various 
research institutions worldwide. 
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Chapter 1 

Introduction 

Automatic Vehicle Driving is a generic term used to address a technique 
aimed at automating -entirely or in part- one or more driving tasks. The 
automation of these tasks carries a large number of benefits, such as: a 
higher exploitation of the road network, lower fuel and energy consump­
tion, and -of course- improved safety conditions compared to the current 
scenario. 

The tasks that automatically driven vehicles are able to perform range 
from the following: the possibility to follow the road and keep within the 
right lane, maintaining a safe distance between vehicles, regulating the vehi­
cle's speed according to traffic conditions and road characteristics, moving 
across lanes in order to overtake vehicles and avoid obstacles, helping to 
find the correct and shortest route to a destination, and the movement and 
parking within urban environments. 

Besides the obvious advantages linked to increasing safety and reducing 
road accidents -thus saving human lives- the possibility of having vehicles 
riding in a much closer proximity than they do today, produces an increment 
of road capacity, and, together with the intelligent modulation of vehicles' 
speed, also causes an appreciable reduction of fuel consumption. In other 
words, Automatic Vehicle Driving tends to achieve optimal use of current 
infrastructures, improve mobility, and minimize risks, travel times, and 
energy consumption. Moreover, commercial and industrial vehicles which 
repeatedly move along a given path, benefit from a stronger control of their 
routes and require less personnel to manage their moves. Co-operative 
driving and dynamic fleet management can therefore play a fundamental 
role for the reduction of industrial costs. 
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ti Introduction 

Two main cooperative solutions are possible to achieve automatic driv­
ing functionalities: they require to act on 

• infrastructures or 
• vehicles. 

Both scenarios have their own pros and cons, depending on the specific 
application. As a general rule, public transportation and industrial robotics 
applications -based on repetitive and prescheduled routes- can generally 
benefit from a specific and fixed road infrastructure. Instead, for private 
vehicles, moving along extremely large and extended road networks, the 
organization, set-up, and maintenance of nation-wide road infrastructures 
becomes cumbersome and extremely expensive. 

Conversely, the establishment of a structured environment specifically 
designed for this purpose can be possibly considered for a reduced subset 
of the road network, for example for building a fully automated highway 
on which only automatic vehicles -public or private- can drive. 

Moreover, infrastructure-based systems generally require a more exten­
sive preparation time. For this reason, systems that are expected to be 
achieved on a short-term basis can only be vehicle-autonomous or at the 
most, simple versions of infrastructure-based systems. Such systems do not 
require a dedicated complex infrastructure or fit into already existing traffic 
infrastructure (RDS, GSM, beacons for automatic toll systems and traffic 
data banks). 

Furthermore, Automatic Vehicle Driving hides another extremely im­
portant benefit, that first triggered the interest in this new field of appli­
cation. The on-board equipment and technology that allows a vehicle to 
drive autonomously can also be exploited as a safety enhancement in a more 
general meaning. The autopilot can be switched to the more static task 
of monitoring the driver's activities. In case of dangerous situations -such 
as driver's illness or drowsiness-, the equipment understands the risk and 
warns the driver or even takes control of the vehicle, starting an emergency 
maneuver and stopping the vehicle on the emergency lane, or keeping the 
vehicle on the driving lane at a constant speed until the driver resumes 
control. The autopilot, considered in this second function, behaves like 
an active security system able to prevent accidents, like the Anti Breaking 
System, ABS. 

Recently a large emphasis has been given to security systems -both ac­
tive and passive ones- and almost every automotive company is integrating 
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7 

such systems into its latest car models. For this reason, the techniques and 
the technologies supporting Automatic Vehicle Driving are currently being 
studied by various parties worldwide, focusing on different perspectives. 
Automobile manufacturers view automatic driving systems as an interesting 
product; public and government institutions, such as public transportation 
companies, mainly focus on the possibility of increasing safety, reducing 
energy consumption, and optimizing comfort and traffic control. Similarly 
these kind of activities have also been tackled by the academic world which, 
together with military institutions, sees the problem of Automatic Vehicle 
Guidance as a process of technological transfer from avionics, underwater, 
military, or robotics applications in general, and as an engineering problem 
to produce low-cost systems for the private market. 

In the last decade, a large number of research institutes worldwide have 
been involved in national and international projects related to the analysis 
of the Intelligent Transportation Systems problem, and a number of proto­
types of intelligent vehicles have been designed, implemented, and tested 
on the road. 

The design of these prototypes was preceded by the analysis of solu­
tions deriving from similar and close fields of research, and exploded with 
a great flourishing of new ideas, innovative approaches, and novel ad-hoc 
solutions, robotics, artificial intelligence, computer science, computer ar­
chitecture, telecommunications, control and automation, signal processing 
are just some of the principal research areas from which the main ideas and 
solutions were first derived. Initially, underlying technological devices -such 
as head-up displays, infrared cameras, radars, sonars- derived from expen­
sive military applications, but, thanks to the increased interest in these 
applications and progress of industrial production, today's technology of­
fers sensors, processing systems, and output devices at very competitive 
prices. In order to test a wide spectrum of diverse approaches, these proto­
types of automatic vehicles are equipped with a large number of different 
sensors. 

These vehicles are currently undergoing extensive tests both on struc­
tured environments, such as closed roads or private tracks, and on pub­
lic roads in real traffic conditions. The first preliminary results of these 
tests demonstrated that full automation of traffic (at least on motorways 
or sufficiently structured roads) is technically feasible. Nevertheless, not all 
problems related to automatic vehicle driving that still remain to be solved 
are of technical nature: there are some aspects that must be considered 
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8 Introduction 

and carefully evaluated in the design of such systems. First of all, prior 
to having an automatic driving system sold and installed on a commercial 
vehicle, all the legal aspects related to the responsibility in case of faults 
and incorrect behavior of the system must be solved. Secondly, in case 
no specific roads are built and dedicated to automatic vehicles only, the 
possibility of driving on a motorway along with automatic vehicles must be 
considered and its impact on human drivers evaluated. Although technical 
aspects seem to have a higher importance, these problems must be dealt 
with and solved as well, since they represent the basics and prerequisites 
on which future automatic highways will rely. 

The research carried out on intelligent vehicles -after its first explo­
rative stage- has now reached its second stage: many different approaches 
have been evaluated during these years and the most promising ones are 
being engineered, installed on prototype vehicles, and extensively tested 
on the road. However, a long period of exhaustive tests and refinement 
must precede the availability of these systems on the general market, and 
a fully automated highway system with intelligent vehicles driving and ex­
changing information is not expected for a couple of decades. For the time 
being, complete automation will be restricted to special infrastructures such 
as industrial applications or public transportation. Then, automatic vehi­
cle technology will be gradually extended to other key transportation areas 
such as the transportation of goods, for example on expensive trucks, where 
the cost of an autopilot is negligible with respect to the cost of the vehi­
cle itself and the service it provides. Finally, once technology has been 
stabilized and after freezing the most promising solution and the best al­
gorithms, a massive integration and a widespread use of such systems will 
also take place with private vehicles, but this will not happen for another 
two or more decades. 
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Chapter 2 

Intelligent Vehicles 
and Machine Vision 

2.1 Evolution of Intelligent Transportation Systems 

After completion of the first explorative phase, that started around the 
beginning of the eighties, the field of Intelligent Transportation Systems 
(ITS) is now entering its second phase characterized by a maturity in its 
approaches and by new technological possibilities which allow the devel­
opment of the first test products. Nevertheless, the evolution towards the 
third stage, i.e. the massive production and integration of ITS technology 
on commercial vehicles, is expected to begin not before a couple of decades. 

The interest in ITS technologies and their related issues was born about 
20 years ago, when the problem of people and goods mobility began to arise: 
the saturation of the most common way to increase mobility, namely the 
extension of the road network, focused the interest of governments and 
research institutions towards new alternative solutions. 

The main target of this first phase was to create a technical substrate to 
be used in the following prototyping stages, namely a formal basis covering 
different subjects. For this reason, automatic vehicle driving, intelligent 
route planning, and other extremely high-level functionalities were selected 
as main goals. 

Government institutions activated the initial explorative phase by means 
of different projects worldwide. The first results were a deep analysis of the 
problem and the development of a feasibility study to understand the re­
quirements and possible effects of the application of ITS technology. One 
of the main advantages of these activities was the possibility to have a 
large number of different and complementary research units -with differ-
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10 Intelligent Vehicles and Machine Vision 

ent backgrounds- working in a cooperative way. This research stage, in 
fact, mainly characterized by non-competitive research, produced a large 
number of different prototypes and possible solutions, all based on rather 
different approaches. 

In this book, only in-vehicle applications will be considered and dis­
cussed, while road infrastructure, inter-vehicle communication, satellite 
communication, and route planning issues will not be covered. 

In Europe the PROMETHEUS project (PROgraM for a European Traf­
fic with highest Efficiency and Unprecedented Safety) started this explo­
rative stage in 1986. The project involved more than thirteen vehicle man­
ufacturers and a large number of research units from governments and 
universities of 19 European countries. Within this framework, a number 
of different approaches regarding ITS were conceived, implemented, and 
demonstrated. The vehicle prototypes developed during this period were 
demonstrated at the end of the project in Paris, in October 1994. The 
most interesting approaches that were proposed included the VaMoRs test 
vehicle developed by the group of Universitat der Bundeswehr [67]. It was 
able to follow the lane thanks to a pair of forward looking cameras and a 
custom parallel image processing engine. Daimler-Benz proposed a system 
called VITA [152] equipped with more than a dozen cameras and a large 
number of Transputer nodes and custom DSPs; it was demonstrated to 
move autonomously on highways at speeds up to 110 km/h. 

In the United States a great deal of initiatives were launched to deal with 
the problems of mobility, involving many universities and research centers. 
Amongst them the Carnegie Mellon University research group, active for 
years in this field, developed the first NavLab vehicle [148] in 1985. After 
this, a large number of different approaches were tested on the series of 
NavLab vehicles, all developed by CMU; these included: ALVINN [80], 
a 30x32 neural net able to learn from a driver and to drive the vehicle 
thanks to the analysis of low-resolution visual patterns, and SCARF [40], a 
system based on color segmentation of pairs of images able to detect even 
unstructured roads in slow varying conditions of light. General Motors also 
presented a system for car following, based on custom hardware. 

At the conclusion of this explorative phase -in 1995- the US estab­
lished the National Automated Highway System Consortium, including 
many different institutions amongst which is the University of California 
and Carnegie Mellon University, who took part in an impressive demon-
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Evolution of Intelligent Transportation Systems 11 

stration in San Diego in August 1997 [13]. 
In the same way, also in Japan, where the mobility problem is much 

more intense and evident, some vehicle prototypes were developed within 
the framework of different projects. Similarly to what happened in the US, 
in 1996 the Advanced Cruise-Assist Highway System Research Association 
(AHSRA) was established amongst a large number of automobile indus­
tries and research centers, which demonstrated different approaches to the 
problem of Automatic Vehicle Guidance [150]. 

One of the aspects shared by all these first prototypes developed within 
the first research phase is the massive use of custom hardware. This re­
current choice was motivated by the fact that during those years (at the 
end of the eighties or beginning of the nineties) the hardware available on 
the market at a reasonably low cost was not powerful enough to provide 
real-time processing. This problem became even more intense, when the 
processing of images was involved. Therefore, besides selecting the proper 
sensors and developing specific algorithms, a large percentage of this first 
research stage was dedicated to the design, implementation, and test of 
new ad-hoc hardware platforms. The processing engines used to speed-up 
image processing tasks were mainly based on either SIMD computational 
paradigms (namely a substantial number of simple processors performing 
the same operation on a large set of data, usually image pixels) exploiting 
the spatial parallelism of images, or MIMD ones where the processors per­
form different functions on data subsets, therefore exploiting the parallelism 
of the algorithms. It is essential to emphasize that when a new computer 
architecture is built, not only the hardware aspects -such as instruction set, 
I/O interconnections, or computational paradigm- need to be considered, 
but software issues as well. Low-level basic libraries must be developed 
and tested along with specific tools for code generation, optimization and 
debugging. 

Thanks to the improvement of technology, the situation has changed 
in the last few years, and almost all research groups are shifting towards 
the use of off-the-shelf components for their systems, since nowadays com­
mercial hardware has reached a low price/performance ratio. Nevertheless, 
although the new generation systems are all based on commercial hard­
ware, the development of custom hardware has not lost significance, but is 
gaining a renewed interest for the production of embedded systems. Once a 
hardware and software prototype has been built and extensively tested, its 
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12 Intelligent Vehicles and Machine Vision 

functionalities must be frozen and integrated in a fully optimized and engi­
neered embedded system before marketing. It is in this stage of the project 
that the development of ad-hoc custom hardware still plays a fundamental 
role and its costs are justified through a large scale market. 

2.2 Requirements of Intelligent Transportation Systems 

Any on-board system for ITS applications that is to be sold on the market 
needs to meet some important requirements which are summarized in the 
following. 

Robustness 
The final system that will be installed on a commercial vehicle 
needs to be robust with respect to a number of different aspects. 
First of all, any automatic system -even a very simple one such 
as an intelligent cruise control, which controls only the vehicle's 
speed- must be smart enough to adapt to different conditions of 
environment (flat or hilly paths), road (highways, extra-urban, or 
urban scenarios), traffic (different volumes of vehicles and obsta­
cles), illumination (day, night, sunset, sunrise), and weather (sun, 
fog, rain, or even snow), and to tolerate unexpected changes of their 
parameters. The system must minimize -or better still reduce to 
zero- the number of incorrect results signals since they may affect 
the user's confidence over the system, and induce the driver to take 
over the commands of the automatic system and/or switch it off. 
Moreover, not only does the algorithms' robustness have to be 
granted, but also the hardware system -sensors included- requires 
the resistance to mechanical and thermic stress, such as vibrations 
or high temperatures. In other words, the whole system must be 
automotive-engineered. 

Reliability 

On-board systems for ITS applications are safety critical systems 
for which a high degree of reliability is required. This entails that 
the project has to be thorough and rigorous during all its phases, 
from the requirements specification to the design and implementa­
tion. An extensive phase of testing and validation is therefore of 
paramount importance. 
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Requirements of Intelligent Transportation Systems 13 

Production and Operative Costs 
It has been estimated that for marketing reasons an ITS system 
should cost no more than 10% of the vehicle price. These cost is­
sues present no problems for trucks, buses, or high-cost vehicles in 
general, for which the installation of an expensive ITS system can 
be regarded as an investment on the vehicle's security and safety. 
Conversely, for the car market the cost issues become fundamen­
tally important, requiring a specific engineering phase which may 
also need the redesign of the complete hardware platform. How­
ever, the development costs due to the system re-engineering will 
be compensated by the large car market. 
Furthermore, not only do production costs of ITS apparata need to 
be carefully considered and reduced as much as possible, but the 
operative costs need to be kept low as well. Power consumption is 
in fact another key parameter that must be considered for the car 
market, since the vehicle's performance should not be altered by 
the use of ITS apparata. 

Size and Design 
The requirements of the car market are very specific: not only must 
the vehicle's performance not be altered and ITS production costs 
kept low, but also car styling should not suffer from the installation 
of new hardware and -in particular- new sensors for ITS applica­
tions. Therefore these systems need to be compact in size and the 
sensors need to be installed in a position that does not cause dis­
turbance. Although for many sensors their positioning does not 
present aesthetical problems (for example, radars are typically po­
sitioned on the vehicle's front bumpers), the installation of cameras 
may be considered as an additional problem: some approaches re­
quire the cameras to be installed inside the driving cabin behind 
the windscreen in a high position. 

Usability 
Since ITS systems must be triggered off and controlled by a human 
driver, they need a user-friendly man-machine interface allowing 
the driver to switch on the system, resume control, and modify 
driving parameters on the fly, with just a few keystrokes. These 
parameters can be: speed, route, smoothness or alertness in driv­
ing. The new generation of steering wheels already incorporate 
commands for cellular phones, radio tuning, or cruise control; they 
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14 Intelligent Vehicles and Machine Vision 

are also expected to become the front-end for ITS systems too. 
Furthermore, the use of visual signals (leds, lights, control pan­
els, or even on-board monitors), mechanical feedbacks (steering 
wheel, seat, or pedal vibrations), and vocal messages used as driv­
ing assistance warnings must all be carefully evaluated. The system 
-especially a driving assistance one- must not flood the driver with 
a large quantity of information since this could reduce the driver's 
attention and cause nothing else but problems. 

2.3 Sensing the Environment 

The main requirement of ITS systems is a way of sensing the surround­
ing environment. Five different ways to perceive information about the 
environment commonly used in indoor robotics are tactile, acoustic, laser, 
radar, and vision sensors. 

Tactile sensors 
Tactile sensors are generally used in indoor robotics, where the 
speeds of robots are sufficiently low so as not to cause serious dam­
ages when hitting obstacles. Obviously in automotive applications 
tactile sensors, such as bumpers, are of no practical use. 

Acoustic sensors 
Acoustic sensors are interesting mainly because of their low cost, 
but, due to their very reduced detection range, are seldom used 
in automotive applications. These kind of sensors are classified 
as active sensors, because their use involves the measurement of 
alterations of signals emitted by the sensors themselves. 

Laser-based sensors 
Based on the Doppler effect, laser-based radars detect the distance 
of objects by measuring the travel time of a signal emitted by the 
sensors themselves and reflected by the object. Therefore, also 
laser-based sensors are active sensors. Their principal drawbacks 
are the low spatial resolution and slow scanning speed. 

Radar-based sensors 
Millimeter-wave radars share the same principle of laser-based 
radars, but are more expensive than laser-based radars. Conversely, 
millimeter-based radars are more robust to rain and fog than laser-
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Machine Vision 15 

based radars. Unfortunately, both of them also share the same 
problems of low spatial resolution and slow scanning speeds. Again, 
radar-based sensors are classified as active sensors. 

Vision-based sensors 
Vision-based sensors are passive sensors and their use has several 
advantages over radar, laser, acoustic, and tactile sensors: for ex­
ample the possibility to acquire data in a non-invasive way, thus 
not altering the environment. 
In this case the scanning of the image is performed fast enough 
for ITS applications. Moreover, they can be used for some specific 
applications for which visual information plays a basic role (such 
as: lane markings localization, traffic signs recognition, obstacle 
identification) without any modifications to road infrastructures. 
Unfortunately vision sensors are less robust than millimeter-wave 
radars in foggy, night, or direct sun-shine conditions. 

2.4 Machine Vision 

The main problems due to the use of active sensors -besides the pollution of 
the environment- include inter-vehicle interference amongst the same type 
of sensors and the wide variation in reflection ratios caused by many differ­
ent reasons, such as obstacles' shape or material. Moreover, the maximum 
signal level must comply with some safety rules and must be lower than a 
safety threshold. 

On the other hand, the use of active sensors, which involves the mea­
surement of the alteration of signals emitted by the sensors themselves, 
possesses some specific peculiarities: 

• active sensors can measure quantities in a more direct way than 
vision. As an example, a Doppler radar can directly measure the 
relative movements between an object and the viewer, whilst vi­
sion can detect movement only through a complex processing of 
sequences, or -more generally- sets, of images; 

• active sensors require less performing computing resources, as they 
use a considerably lower amount of acquired data. 

In many indoor applications, such as the navigation of autonomous 
robots in unknown settings, vision and active sensors can perform com-
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16 Intelligent Vehicles and Machine Vision 

plementary tasks for the recognition of objects, detection of free-space, or 
in checking for certain specific object characteristics. Unfortunately, when 
several robots are moving within the same environment, active sensors may 
interfere with each other, thus decreasing their reliability and usefulness. 
This problem becomes even greater in outdoor unstructured environments, 
in which a large number of vehicles could be moving simultaneously, as 
-for example- in the case of autonomous vehicles travelling on intelligent 
highways. 

Hence, with a massive and widespread use of autonomous sensing agents, 
the use of passive sensors, such as cameras, obtains important advantages 
over active ones. These are the cases in which vision becomes of paramount 
importance. Obviously machine vision can fail -and therefore cannot be 
used- when humans cannot see (e.g. in foggy conditions or during the night 
with no specific illumination). In fact, while the use of other sensing agents 
would have the advantage of extending sensing capabilities besides human 
possibilities, the use of vision allows the building of a system able to act 
as the human driver: for example, an active safety system that helps the 
driver when he fails (e.g. in the lack of concentration). 

The recent developments in computational hardware, such as a higher 
degree of integration and reduction of the power supply voltage, allow the 
access to machines that can deliver a high level of computational power, 
with fast networking facilities, at an affordable price. Since the early stages 
of vision (low-level image processing) are computationally demanding, the 
availability of low-cost engines helps to solve some basic bottlenecks. Cur­
rent technology allows the possibility of SIMD-like processing paradigms 
even in general-purpose processors, such as the new generation of proces­
sors that include multimedia extensions (Visual Instruction Set, VIS, in 
UltraSPARC, MMX in Intel's Pentium, MAX-2 in Hewlett-Packard's PA-
RISCS, MDMX in Silicon Graphics' MIPS, MVI in Digital's Alpha, 3DNow! 
in AMD's K6-2, and Altivec in Motorola's PowerPC CPUs). 

In addition to this, current cameras include new important features that 
permit the handling and solving of some basic problems directly at sensor 
level. For example, image stabilization can be performed during image ac­
quisition, while the extension of camera dynamics allows the removal of the 
processing required to adapt the acquisition parameters to specific light con­
ditions. The resolution of the sensors has been drastically enhanced, and in 
order to decrease the acquisition and transfer time, new technological solu-
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tions can be found in CMOS sensors, such as the possibility of dealing with 
pixels independently as in traditional memories. Another key advantage of 
CMOS-based sensors is that their integration on the processing chip seems 
to be straightforward. 

As a result, not only did this advanced technology promote improved 
hardware devices, but also triggered off renewed interest in the techniques 
for the processing of iconic information, generally addressed by the field 
of Artificial Intelligence, who deals with image interpretation and -more 
generally- with perception, when the fusion of data coming from other 
sensors is also integrated. 

Nonetheless, when designing a vision system for automotive applica­
tions, some important characteristics must be carefully considered. 

• ITS systems require faster processing than other applications, since 
the vehicle speed is proportional to the processing rate. The main 
problem that has to be faced when real-time imaging is concerned 
and which is intrinsic to the processing of images, is the large 
amount of data -and therefore computation- involved. As a result, 
specific computer architectures and processing techniques must be 
devised in order to achieve real-time performance. Nevertheless, 
since the success of ITS apparata is tightly related to their cost, 
the computing engines cannot be based on expensive processors. 
Therefore, either off-the-shelf components or ad-hoc dedicated low-
cost solutions must be considered. 

• Furthermore, in the automotive field no assumptions can be made 
on key parameters, for example the illumination or contrast of the 
scene, which are directly measured by the vision sensor. Hence, 
the subsequent processings must be robust enough to tolerate these 
changes and both adapt to different environmental conditions, such 
as sun (high brightness and contrast due to shadows), rain (ex­
tremely high contrast due to reflections), fog (low contrast) and to 
their dynamic changes, such as transitions from sun to shadows or 
vice versa (the entrance or exit from a tunnel). 

Moreover, other key issues, such as robustness to camera movements 
and drifts in its calibration must be handled as well. 

Nevertheless, although being extremely complex and highly demanding, 
thanks to the great deal of information that it can deliver, computer vision is 
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a powerful means for sensing the environment and has been widely employed 
to deal with a large number of tasks in the automotive field. These tasks 
include: Road Following (which involves Lane Detection [85] and Obstacle 
Detection), Platooning (the automatic following of a manually driven vehicle 
by an automatic one [164]), Vehicle Overtaking [149], Automatic Parking, 
Collision Avoidance, and Driver Status Monitoring. 

To accomplish these tasks different quantities must be measured and/or 
patterns recognized before the closing of the control loop. These are the fol­
lowing: the relative position of the vehicle with respect to the lane and the 
check for obstacles on the path or for known road signs [1] for Road Follow­
ing; the recognition of specific vehicle's characteristics and the computation 
of the time-to-impact for Platooning; the sensing of multiple lanes [156] as 
well as obstacle detection for Vehicle Overtaking and Collision Avoidance; 
the distance amongst parked vehicles for Automatic Parking; the position 
and movements of the driver's eyes and head for Driver Status Monitoring. 

Machine Vision systems are composed of two modules: the first, used 
for data acquisition, and the second used to process the acquired data. 

Image acquisition 
The acquisition of significant data is a basic requirement. Many 
different parameters must be evaluated for the design and choice 
of an image acquisition device. First of all, the spatial resolution 
as well as the depth (number of bit/pixel) of the images must be 
selected; this also includes the selection of color vs monochrome im­
ages. Other parameters tightly coupled with the algorithms regard 
the choice of monocular vs binocular (stereo) vision and the sensors' 
angle of view. Some systems adopt a multi-camera approach, by 
using more than one camera with different viewing angles (e.g. fish 
eye or zoom). 
Apart from these, other parameters -intrinsic to the sensor- must 
be considered. Although the frame rate is generally fixed for CCD-
based devices (25 or 30 Hz), the dynamics of the sensor is of basic 
importance: conventional cameras allow an intensity contrast of 
500:1 within the same image frame, whilst most ITS applications 
require a 10,000:1 dynamic range for each frame and 100,000:1 for 
a short image sequence. Different approaches have been studied 
to meet this requirement, ranging from the design of CMOS-based 
cameras with a logarithmically compressed dynamic [134], to the 
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interpolation and superimposition regarding values of two subse­
quent images taken from the same camera [103]. 
Furthermore, in the automotive field some additional problems have 
to be faced. The acquisition system is installed on a moving ve­
hicle; therefore image stabilization becomes a key problem. Some 
expensive devices allow to perform images stabilization directly at 
sensor level; otherwise, a different solution is to perform it via soft­
ware [52,104,160], trading the complexity of the sensor with a more 
powerful computing system. 
Moreover, the acquisition system must be robust enough not to 
interfere with the on-board electronics, especially with telecommu­
nication apparata. 
Finally, for an acquisition system to be of use it must be properly 
calibrated in order to create the mapping between image pixels and 
the 3D world. 

Image processing systems 
Image processing hardware must meet two basic requirements: it 
has to be powerful enough to support real-time processing, and 
compact and inexpensive to allow a massive integration on com­
mercial vehicles. 
As mentioned, in the early years of ITS applications a great deal 
of custom solutions were proposed, based on ad-hoc, special-purpose 
hardware. This was motivated by the need for computational power. 
The most significant solutions were based on SIMD array proces­
sors, composed of a large number of extremely simple processors 
working simultaneously on image windows [23]. 
After this first stage, when commercial hardware began to deliver 
sufficiently high computational power at a low cost, general-purpose 
solutions, based on off-the-shelf components, became competitive. 
In this phase the first MIMD systems [151], composed of a rather 
small number of powerful, independent processors, were built and 
installed on prototype vehicles. 
Current trends, however, are moving towards a mixed architecture, 
in which a powerful processor is aided by specific hardware such as 
boards and chips implementing optical flow computation, pattern-
matching, convolution, and morphological filters. Moreover, some 
SIMD capabilities are now being transferred into the instruction 
set of the last-generation CPUs, which has been tailored to ex-
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20 Intelligent Vehicles and Machine Vision 

ploit the parallelism intrinsic to the processing of visual and audio 
(multimedia data). 
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Chapter 3 

State of the Art 

Different research groups in the academic world as well as within industrial 
environments are working on the development of intelligent vehicles; in this 
chapter, after a brief analysis of the most common approaches to Road 
Following, a short survey is presented about the most advanced projects 
worldwide that are using vision-based systems. 

3.1 Road Following 

As discussed in the previous chapter, machine vision is a basic means to 
sense the environment; a large number of different functionalities for ITS ap­
plications have been developed exploiting its characteristics. Among them 
the most complex and challenging task that received the most attention is 
Road Following. It is based on: 

• Lane Detection, which includes: localization of the road, determi­
nation of the relative position between the vehicle and road, and 
analysis of the vehicle heading direction; 

• Obstacle Detection, which is mainly based on localizing possible 
obstacles on the vehicle's path. 

3.1.1 Lane Detection 

In most prototype autonomous vehicles developed worldwide, Lane Detec­
tion is divided into the two following steps: initially the relative position 
of the vehicle with respect to the lane is computed and then actuators 

21 
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22 State of the Art 

are driven to keep the vehicle in the correct position. Conversely, some 
systems [100,115] such as ALVINN [34,80,116], are not based on the pre­
liminary detection of the road's position, but obtain the commands to be 
issued to the actuators (steering wheel angles) directly from visual patterns 
detected in the incoming images. Nevertheless, the knowledge of the lane 
position can be conveniently exploited by other driving assistance functions. 

Although some systems have been designed to work on completely un­
structured roads (without painted lane markings) [39,49,80] or terrains [101, 
133], Lane Detection has been generally reduced to the localization of spe­
cific features such as road markings painted on the road surface. This 
solution can ease the detection, however two basic problems must be faced: 

• the presence of shadows (projected by trees, buildings, bridges, or 
other vehicles), producing artifacts onto the road surface, and thus 
altering the road texture; 

• the presence of other vehicles on the path, partly occluding the 
visibility of the road and therefore of road markings too. 

Since Lane Detection is generally based on the localization of specific 
patterns (lane markings), it can be performed with the analysis of a single 
still image. In addition, some assumptions can aid the detection and/or 
speed-up the processing: 

• due to both physical and continuity constraints, the processing of 
the whole image can be replaced by analyzing specific regions of 
interest only (the so-called focus of attention), in which it is more 
probable to find the features of interest [48]; 

• the assumption of a fixed or smoothly varying lane width allows the 
enhancement of the search criterion, limiting the search to almost 
parallel lane markings; 

• the reconstruction of road geometry can be simplified by assump­
tions on its shape; for example some implementations [48,90,155] 
use a clothoid (a curve whose curvature changes without disconti­
nuities) to model the geometry of the road; 

• knowledge of the specific camera calibration and the assumption 
of a precise road model (e.g. a flat road without bumps) can be 
exploited to ease the localization of features and to simplify the 
mapping between image pixels and their correspondent world co­
ordinates. 
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Road Following 23 

Two different approaches have been dealt with in the literature to solve 
the Lane Detection problem: model-driven and feature-driven. 

• A model-based approach consists of a direct match between vi­
sual patterns and a model which encodes the characteristics of the 
road [12,86], as implemented in VaMoRs [67] or SCARF [40], In 
some implementations an initial model is iteratively stretched and 
re-shaped according to the content of each frame of the acquired 
sequence; the use of deformable templates (such as LOIS [87] or 
ARCADE [85]) has been successfully employed for the detection of 
lane markings, road boundaries and road signs. Also a model-based 
analysis of road markings has been used to investigate images of 
intersections in city traffic [54,89]. 
Nevertheless, the use of a model-based search approach has sev­
eral drawbacks, such as: the problem of using and maintaining 
an appropriate geometrical road model, difficulty in detecting and 
matching complex road characteristics, and the complexity of the 
computations involved, since the whole processing is performed on 
large data structures (images). Moreover, some systems [122] work 
in the velocity domain instead of the image domain, therefore using 
optical-flow techniques in order to minimize the horizontal relative 
movement of the lane markings with respect to the vehicle. Unfor­
tunately, such a solution requires both the preliminary detection 
of lane markings and subsequent computation of the optical flow 
field. 

• Conversely, in a feature-based approach the computation intensive 
processing of images is limited to the extraction of features, and 
matching the model is left to the following medium- and high-level 
processing steps, therefore involving the handling of a lower amount 
of data. 

3.1.2 Obstacle Detection 

The criteria used for the detection of obstacles depend on the definition of 
what an obstacle is. In some systems determining obstacles is limited to the 
localization of vehicles, which is then based on a search for specific patterns, 
possibly supported by other features, such as shape [146], symmetry [164], 
or the use of a bounding box. In this case, the processing can be based on 
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the analysis of a single still image, but the approach is not successful when 
an obstacle does not match the model. 

A more general definition of obstacle, which obviously leads to more 
complex algorithmic solutions, identifies as an obstacle any object that can 
obstruct the vehicle's driving path or, in other words, anything rising out 
significantly from the road surface. In this case, Obstacle Detection is 
reduced to identifying free-space (the area in which the vehicle can safely 
move) instead of recognizing of specific patterns. 

Due to the general applicability of this definition, the problem is dealt 
with using more complex techniques; the most common ones are based on 
the processing of two or more images, such as 

• analysis of the optical flow field [30,53], and 
• processing of non-monocular images [130]. 

In the first case more than one image is acquired by the same sensor in 
different time instants, whilst in the second one, different cameras acquire 
images simultaneously, but from different points of view. Besides their in­
trinsic higher computational complexity, caused by significant increment in 
the amount of data to be processed, being based on the processing of mul­
tiple images, these techniques must also be robust enough to tolerate noise 
caused by vehicle movements and drifts in the calibration of the multiple 
cameras' setup. 

The optical flow-based [112] technique requires the analysis of a sequence 
of two or more images: a 2D vector is computed in the image domain, 
encoding the horizontal and vertical components of the velocity of each 
pixel. The result can be used to compute ego-motion [66], which in some 
systems is directly extracted from odometry [91]; obstacles can be detected 
by analyzing difference between the expected and real velocity fields. 

On the other hand, the processing of non-monocular image sets requires 
identifying correspondences between pixels in the different images: two im­
ages, in the case of stereo vision, and three images, in the case of trinocular 
vision [130]. The advantage of analyzing stereo images instead of a monoc­
ular sequence lies in the possibility of directly detecting the presence of 
obstacles, which, in the case of an optical flow-based approach, indirectly 
derives from analysis of the velocity field. Moreover, in a limit condition 
where both vehicle and obstacles have small or null speeds, the optical flow-
based approach fails while the other can still detect obstacles. Furthermore, 
to decrease the intrinsic complexity of stereo vision, some domain specific 
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constraints are generally adopted. 
As mentioned above, a great deal of different techniques have been pro­

posed in the literature and tested on a number of prototype vehicles in 
order to solve the Road Following problem, but unfortunately in almost all 
cases, the different issues (e.g. Lane Detection, Obstacle Detection) have 
been dealt with independently. Obviously an integrated solution leads to 
both an improved quality of the results and to a faster and more efficient 
processing. 

A very promising approach to these problems is based on the removal of 
the perspective effect, which is naturally induced by the acquisition condi­
tions. Such a technique has been successfully used for the computation of 
the optical flow field [94], the detection of obstacles in a structured environ­
ment [162], or in the automotive field using standard camera [97,110,119] 
or using linear cameras [131,154]. Similar techniques [11,90] (Image Warp­
ing) have been largely used in the processing of stereo images and used for 
Obstacle Detection. 

3.2 Worldwide Projects 

This section presents an overview of the most advanced projects worldwide 
(in no particular order); their approaches are summarized and compared 
below. 

3.2.1 Research carried out on the MOB-LAB Vehicle (Italy) 

The MOB-LAB is an open MOBile LABoratory suited to develop and test 
real-time systems, by monitoring the trajectory of a vehicle running on 
extra urban roads by means of computer vision systems. The MOB-LAB 
has been developed within the PROMETHEUS project and supported by 
the Italian Consiglio Nazionale delle Ricerche (CNR) through the Progetto 
Finahzzato Trasporti 2. 

The MOB-LAB, a FIAT Ducato 18 Maxi, shown in figure 3.1.a, features: 

• B/W and Color TV cameras in the front and back of the vehicle 
for analyzing the external environment; 

• a control panel, shown in figure 3.1.b, for alerting the driver; 
• two real-time digital image processors with different architectures 

used for analyzing images at a rate of about 1 image per 200 ms; 
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Fig. 3.1 (a) The MOB-LAB vehicle and (b) the led-based control panel used as output 
to display the results of some experimental functionalities. 

• four sensors on board to measure the longitudinal and transverse 
components of the acceleration; 

• one millimeter-wave radar on the vehicle's right side for monitoring 
the right-hand side of the road; 

• two PCs for analyzing data coming from the radar and other sen­
sors. 

Several functionalities have been implemented and tested on the 
MOB-LAB, by different research units within the PROMETHEUS project. 

Obstacle and Lane Detection 
Road following and detection of obstacles in front of the vehicle 
are performed by means of a real-time vision system integrating 
techniques based on visual saliency, with depth cues obtained by 
stereometry and a-priori knowledge of the road environment. The 
environment around the vehicle and the dangerous situations are 
summarized by means of nine different colored leds. This function­
ality has been achieved by the two Pro-Art research units of Torino: 
Istituto Elettrotecnico Nazionale "G. Ferraris", CNR, and Centro 
Studi per la Televisione, CNR [44]. 

Lane Tracking Control 
Lane tracking is performed through the analysis of data coming 
from a TV camera and interpreted by means of a special-purpose 
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massively parallel architecture for real-time image analysis, called 
PAPRICA (see section 5.1). The result of the analysis is presented 
to the driver through a set of five different colored leds. More 
precisely, the leds provide a visual warning to the driver when the 
car approaches lane borders, becoming increasingly evident when 
more dangerous positions are taken. This functionality has been 
achieved by the Pro-Art research unit of the Universita di Parma, 
using the low-cost massively parallel board jointly developed by the 
Pro-Chip research units of the Politecnico di Torino and Universita 
di Parma. 

Cruise Control 
This functionality is aimed at estimating the security distance from 
the vehicle in-front by means of data acquired through a TV cam­
era. The three leds in the control panel tell the driver the current 
position of the vehicle in-front: no light on means no vehicle; green 
is for a vehicle at a secure distance; yellow signifies warning; and 
red means danger. This functionality has been achieved by the 
Pro-Art research unit of the Universita di Genova [18]. 

Lateral Control 
The lateral position of the vehicle with respect to a reference line 
(guard rail or continuous lateral emergency line), is detected 
through the means of a millimeter-wave radar mounted on the dash­
board. Detection of the reference line is made possible by position­
ing electromagnetic reflectors along it. The data coming from the 
radar, fused with the vehicle's speed information, are interpreted 
so as to assist the driver in preventing the vehicle from going off 
the road, and presented to the driver by means of three different 
colored leds. This functionality has been achieved by the Pro-Chip 
research unit Centra Studi Propagazione ed Antenne, CNR [41]. 

Overtaking Control 
This functionality is aimed at alerting the driver during an over­
taking maneuver if another vehicle is coming from the back. The 
detection of the incoming vehicle is performed by processing the im­
ages acquired from a TV camera looking outside the vehicle from 
the back glass. The leds in the control panel tell the driver the 
current position of the overtaking vehicle: green for no vehicles in 
the back; yellow if a vehicle is present in the back; red if a vehi­
cle has initiated an overtaking maneuver. This functionality has 
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been accomplished by the Pro-Art research unit of the Universita 
di Genova [149]. 

Car attitude Control 
Different low-cost sensors inside the vehicle measure the longitudi­
nal and transversal components of the acceleration. Data coming 
from the sensors are interpreted and presented to the driver by 
means of visual information. The sensors have been designed and 
manufactured by the Pro-Chip research units of the Universita di 
Brescia and Universita di Modena. 

The MOB-LAB was officially presented and demonstrated during the 
final PROMETHEUS Board Member Meeting; its availability allowed the 
development, testing, and tuning of a number of different approaches used 
for autonomous navigation. 

3.2.1.1 Lane and Obstacle Detection on the MOB-LAB vehicle 

This paragraph presents the Obstacle and Lane Detection systems devel­
oped at the Istituto Elettrotecnico Nazionale "G. Ferraris". The Obstacle 
and Lane Detection functionalities have been developed to work in a struc­
tured environment. The Lane Detection functionality relies on the painted 
lane marking's presence and Obstacle Detection depends on the Lane De­
tection module's result. 

The whole process is based on the use of images that come from a 
single grey-level CCD camera. In a structured highway or highway-like 
road scenario, two different models are used: 

• the road is always located in the center low portion of the image; 
• due to the perspective effect, the road almost takes a triangular 

shape. 

The image is horizontally parsed starting from the bottom and looking for 
high brightness variations that are likely to detect a marking. The detected 
markings are followed towards the upper part of the image and a check is 
carried out with the triangular model to discard bad results. Also the 
temporal correlation is used to validate the result and reduce the area of 
the image to be processed. 

Obstacle Detection is performed by limiting the processing to the por­
tion of image that is assumed to represent the road. This area of the image 
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is processed and borders that could represent a potential obstacle are looked 
for. Three different states for obstacles are considered: 

(1) alert: all potential obstacles are detected; 
(2) tracking: potential obstacles are matched with the result related to 

the previous frame and tracked; 
(3) identification: each hypothesis regarding obstacles is validated us­

ing temporal correlation and a specific obstacle template. 

The system has been implemented on the MOB-LAB vehicle using an 
Imaging Technology computing engine; currently no direct actuation on the 
vehicle is performed, but only warnings are issued to the driver. 

3.2.2 Research carried out at the Centro Ricerche FIAT 
(Italy) 

3.2.2.1 The LAKE autonomous vehicle 

The LAKE autonomous vehicle is a Lancia Thema passengers' car devel­
oped by the Centro Ricerche FIAT and is aimed at developing and testing 
both guidance assistance functionalities and automatic steering capabili­
ties [4]. 

LAKE has been developed to be used on highways or sufficiently struc­
tured roads. The basic idea is to prevent unintentional or harmful maneu­
vers tracing the position of the vehicle with respect to the lane and, when 
needed, taking control of the steering wheel (see figure 3.2) or giving the 
driver an acoustic or a mechanic alert. An additional input device returns 
the position of the indicators lever, therefore allowing the system to foresee 
the driver's intentions in lane changing. 

The main input system is a single standard camera installed behind the 
upper part of the windscreen. The camera is equipped with a wide-angle 
lens and works at the rate of 25 Hz. Incoming images are digitalized at 
512 x 512 pixel resolution. Only the part of the images correspondent to 
the nearest 12 meters of road in front of the vehicle is processed; experi­
mental tests demonstrated that this allows to safely maneuver the vehicle 
in highways and even in belt ways or ramps with a bending radius higher 
than 50 meters. 

The whole processing relies on the presence of road markings and is 
based on the following assumptions: 
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Fig. 3.2 The LAKE vehicle: (a) automatic steering device and (b) computing engine 
(published courtesy of Giulio Vivo - Centro Ricerche FIAT). 

• the portion of lane markings next to the vehicle can be approxi­
mated by straight lines: a linear model for the road can be used; 

• the road in front of the vehicle is flat or, rather, its slope is negli­
gible: it is possible to fully determine the relationship between the 
image domain and the real world. 

Lane markings are seen as bright lines on a darker background having 
the same vanishing point. Hence, the first part of the processing lies in 
extracting the borders in the image using a Sobel operator [139]. Then the 
directions of these borders are determined and a histogram of directions 
is computed. Peaks in this histogram correspond to straight lines in the 
image and, since the Sobel operator applied to lane markings produces two 
edges, a lane marking causes the presence of two near peaks in the direction 
histogram, therefore permitting the rejection of false lines induced by noise 
or by the presence of brightness discontinuities in the asphalt. 

Once a lane marking is identified, it is modeled using a linear model 
and, thanks to a phase filtering, possible positions in the next image are 
also computed. This allows processing of only the part of the incoming 
frame where it is most likely to find the detected lane marking. 

The system is composed of several VME boards (summarized in fig­
ure 3.3) supervised by a 486DX2-66 based Personal Computer and can be 
thought of as a pipeline structure: 
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Fig. 3.3 The LAKE computing engine. 

• the acquisition task is performed by an Image Technology 150/10 
I/O adapter; 

• two different adapters act as frame grabbers; 
• the extraction of borders in the image is performed by a Sobel 

operator; 
• a border following algorithm is executed thanks to the use of a 

phase filtering adapter; 
• two image processing adapters are used for the distinct detection 

of right and left lane markings; 
• the acoustic and visual output are managed by the PC. 

Since the LAKE vehicle has been developed mainly for testing and as 
a demonstrative vehicle, using a switch it is possible to choose the system 
behavior and to test different solutions and man-machine interactions. Ac­
cording to this selector the LAKE vehicle features three different kinds of 
output. 

Visual output: the LAKE vehicle is equipped with an on-board monitor; 
detected lane markings are superimposed on the acquired image in 
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a brilliant color (see figure 3.4), also the distances are shown (in 
cm) between the lane markings and the vehicle's wheels. 

Acoustic output: when the vehicle is too near to the left or to the right 
lane marking an acoustic warning is issued to the driver unless the 
position of the indicator lever shows the the driver's intention to 
change lane. 

Direct actuation on the steering wheel: the result of the computa­
tion is fed to a specific actuator (see figure 3.2.a) that controls 
the steering wheel; in this case the following three different kinds 
of actuations are possible. 

Warning: the vehicle is controlled by the human driver, the actu­
ator simply contrasts but does not prevent wrong maneuvers. 

Correction: the vehicle is still controlled by the human driver, 
but, when needed, the system can override the driver keeping 
control of the steering wheel and adjusting the trajectory. 

Fig. 3.4 Visual output on the on-board monitor of the LAKE vehicle: the bright lines 
in the lower part of the image indicate the computed lane, the two numbers in the upper 
part of the image show the distance of the left and the right markings from the vehicle 
(published courtesy of Giulio Vivo - Centra Ricerche FIAT). 
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Full Control: the system keeps full control of the steering wheel 
tracing and maintaining the position of the vehicle with re­
spect to the lane. 

3.2.2.2 The SAVE vehicle 

The SAVE (System for effective Assessment of the driver's state and Vehi­
cle control in Emergency situations) vehicle (shown in figure 3.5) is aimed 
at helping the driver in emergency situations [35]. SAVE is capable of both 
detecting driver impairment and performing an emergency maneuver. This 
last task is accomplished by maintaining a safe distance with respect to 
other vehicles or potential obstacles, performing lane changes, and deceler­
ating. 

Safe distance: the SAVE vehicle is able to detect, locate, and track any 
obstacle in front of the vehicle using a laser radar located inside 
the front bumper. 

Fig. 3.5 The SAVE vehicle (published courtesy of Giulio Vivo - Centra Ricerche FIAT). 
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Lane change: a vision system similar to the one described for the LAKE 
vehicle has been implemented into the SAVE vehicle. Since the lane 
change maneuver has to be as normal as possible and must not to 
excessively disturb the traffic, the system computes a steering angle 
correspondent to a soft lateral speed (namely < 0.5 m/s) and feeds 
it to the steering wheel actuator. 

Deceleration: the SAVE vehicle also features actuators for the throttle 
and the brake therefore allowing control of the vehicle's longitudinal 
speed. 

Starting from a speed of 125 km/h, the SAVE vehicle is able to perform 
a full stop emergency maneuver in less than 30 s in a three lane road, with a 
lane-change angle of 0.65 degrees and an average lateral speed of 0.29 m/s. 

3.2.3 Research carried out at the Universitat der Bundeswehr 
(Germany) 

A large number of vehicle prototypes have been developed at the Universitat 
der Bundeswehr. 

In 1985, their first autonomous vehicle VaMoRs (a 5 ton van [67]) was 
tested in a real scenario, at a speed of up to 100 km/h, in an empty high­
way. It used machine vision to maintain both longitudinal and lateral 
control of the vehicle. In 1988, during the first board member meeting of 
the PROMETHEUS project in Torino, the autonomous vehicle VITA (a 
7.5 ton van [46]) was demonstrated: it had stop and go capabilities and 
was capable of convoy driving behind another vehicle (platooning). Both 
these vehicles were equipped with the UBM vision system [67]. This is a 
two-axis pointing system with high bandwidth and inertial stabilization, 
including other sensors like: three orthogonally-mounted accelerometers, a 
wheel position encoder able to act both as an odometer and speedometer, 
and, in the case of VaMoRs, a GPS receiver for a coarse initial guess of the 
vehicle's position. 

In 1994 the next generation vehicles VITA II, developed by Daimler-
Benz in cooperation with the Universitat der Bundeswehr, and VaMP were 
the only ones capable of driving autonomously during the final demonstra­
tion of the PROMETHEUS project. The most noticeable evolution in these 
systems was a move towards a massive use of Transputers (the VaMoRs-P, 
twin of VITA II, was a Mercedes 500 SEL equipped with 60 Transputers, 

 D
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also capable of autonomous overtaking [98]); this decision allowed the re­
duction of the processing system's size to about one third, and -at the same 
time- increased noticeably the processing power. 

These systems were based on a bifocal vision system, in which sev­
eral cameras with different focal lengths were used for separate targets. 
Road Detection was achieved thanks to the use of a wide-angle camera 
that allowed large viewing, while Obstacle Detection was performed using 
a small-angle camera with a good resolution further away. 

Thanks to the technological evolution, the Transputer processing system 
has now been partly replaced by a cluster of three PCs (dual Pentium II) 
connected via a Fast Ethernet-based network. This cluster is capable of 
carrying out ten times the amount of computing performance on specific 
tasks [93]. 

The functionalities of the latest prototypes are summarized in the fol­
lowing. 

Road Detect ion: it is based on a viewing range of up to 100 m and on a 
specific model for the road; several lanes may be tracked in parallel. 
The model used for the lane markings is a clothoid, that allows the 
definition of markings using the concept of curvature. In a clothoid 
the curvature depends linearly on the curvilinear reference I: 

BC 
C = C0 + —-xl = C0 + Clxl 

al 

Therefore Ci is constant, and the knowledge of C\ and Co allows 
the full localization of lane markings and computation of the other 
following parameters: lane width, number of lanes in the look-ahead 
range, lateral offset within the lane, lateral speed with respect to 
the lane, and steering angle. 
The use of a Kalman filter [81] permits reaching the working rate 
of 25 Hz and speeds of up to 100 km/h. 

Obstacle Detection: it is based on an edge detection process and obstacle 
modelization; the system is able to detect and track up to twelve 
objects around the vehicle. The following obstacle variables are 
continuously computed: distance, direction, relative speed, relative 
acceleration, lateral position, lateral speed, and size. 

Other Functionalities: other basic functionalities were developed and 
evaluated, such as: cross-roads in which both the width and angle 
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of intersecting roads are estimated [47], overtaking initially demon­
strated in Paris [152], platooning directly deriving from the Obsta­
cle Detection functionality [25]. 

The most innovative idea in the input system is the use of a dynamic 
multi-focal vision approach (EMS, Expectation-based Multi-focal Saccadic). 
Initially multi-focal capabilities were obtained thanks to the use of differ­
ent cameras, whilst now, a new multi-focal compound camera has also been 
developed. It is composed of a number of objectives and sensors [125]: 

• two wide-angle lens sensors covering around 130° in the horizontal 
plane, therefore allowing both a front and partly lateral view of the 
environment; 

• a high resolution color camera featuring a mid-wide angle lens cov­
ering the central zone of the viewing area; 

• an optional high sensitivity imaging sensor featuring a very small-
angle lens providing additional capability of high resolution in small 
fields of view. 

The viewing direction of the compound camera is under the control of the 
processing engine, and is modified according to the result of the computa­
tion in order to track specific image features. 

In order to cope with the problems associated to managing multiple 
video streams, each optical sensor feeds a different node in the PC's cluster. 

The whole system is based on the fourth dimension concept [48]: the 
basic idea is that, since the world has four dimensions (assuming time as 
the fourth), the models used for describing the world must also be four-
dimensional. Since the world is not static (assuming that the vehicle is 
moving), the internal world model must also change according to both 
the computation and acquired data. In fact, in correspondence to each 
acquisition process, a match between the acquired data and the predicted 
situation is carried out, allowing to closely track the changes in the external 
world. 

The processing system is able to keep control of the steering wheel, 
throttle, and braking system, therefore enabling full autonomous driving. 
The maximum speed is computed according to the horizontal curvature of 
the lane. The system is also capable of autonomously deciding and per­
forming an overtaking maneuver if the leading vehicle is too slow. The 
passengers can act on specific parameters for changing the system's behav-
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ior, such as to a more sportive driving style, a platooning state, or allowing 
the vehicle to turn into a cross-road. 

3.2.4 Research carried out at Daimler-Benz 

Daimler-Benz has a long experience in autonomous driving and achieved 
a variety of experimental cars. As mentioned in section 3.2.3, their first 
demonstrator VITA was followed by VITA II, (a Mercedes-Benz S-class) 
that demonstrated fully autonomous driving on public highways including 
lane changes [152]. It was equipped with 18 cameras looking forwards, be­
hind and sideways in order to allow a 360 degrees view. Inverse perspective 
mapping (see section 4.3.1) was used to survey the neighboring lanes and 
detect obstacles in front of the vehicle. Built in cooperation with the Uni­
versitdt der Bundeswehr and the Ruhr- Universitdt Bochum, VITA II was 
able to recognize other traffic participants, the road's course as well as the 
relevant traffic signs. In addition, it was provided with a behavioral mod­
ule that was able to plan and perform overtaking maneuvers in order to 
maintain the desired speed; in this case, the side- and rear-looking cameras 
were used to ensure safety of these maneuvers. 

Simultaneously to the PROMETHEUS demonstrators, the Mercedes-
Benz T-model OSCAR was built to investigate vision algorithms and con­
trol schemes for robust and comfortable lateral guidance on highways at 
high speeds. The algorithms were based on the standard lane tracking ap­
proach developed by the research group of the Universitdt der Bundeswehr 
in a joint project. Based on the Transputer technology of the early nineties, 
OSCAR drove about 10,000 km on public highways with maximum speeds 
up to 180 km/h using conventional as well as neural controllers [108]. OS­
CAR tracked not only the markings, but also looked for structures parallel 
to the lane. From the algorithms used in this car, a lane departure warning 
system has been created that has recently been announced as a commer­
cially available lane-departure warning system [163]. 

In 1995, Daimler-Benz completed the work on the OTTO-truck [63]. 
With the AHS idea in mind, this truck was designed to follow a specific 
leader with minimum distance. To accomplish this task, OTTO measures 
the distance to the vehicle in front by looking at known markers. An 
infrared light-pattern is used as well as two checker-board markings. In 
order to reach minimum distance and handle leader's emergency braking, 
its acceleration is transferred to the follower by means of a communication 
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link. Recently, OTTO has been replaced by a heavy duty truck (40 ton) 
within the European Chauffeur project. 

The UTA project (Urban Traffic Assistant) aims at an intelligent stop 
and go for inner-city traffic. The use of stereo vision by means of a pair of 
cameras with a base width of 30 cm permits to obtain 3D information in real 
time. In addition, the UTA demonstrator is able to recognize traffic signs, 
traffic lights and walking pedestrians as well as the lane, zebra crossings, 
and stop lines. The driver is acoustically informed about the presence of 
significant objects [64]. 

3.2.5 Research carried out at the Fraunhofer-Institut fur 
Informations und Datenverarbeitung (Germany) 

The Fraunhofer-Institut fur Informations und Datenverarbeitung research 
group possesses the main target of developing a driver assistance system 
capable of facing complex scenarios like urban traffic environments. 

3.2.5.1 Lane Detection 

One of the main achievements is the development of a vision-based system 
named ROMA (ROad Markings Analysis [54]) that features the following 
functionalities: 

Road borders detection: a contour-based method, that does not rely 
on road markings, is used. A dynamic road model permits the 
processing of only small portions of the acquired (grey-level) images 
therefore enabling real-time performance. Actually, only straight 
or small curved roads without intersections are included in this 
model. Images are processed using a gradient-based filter and a 
programmable threshold. The road model is used to follow contours 
formed by pixels that feature a significant gradient direction value. 
A dedicated hardware, the MiniVISTA-System [65], is used to per­
form the low-level image processing. 

Intersection detection: since road intersections can be distinguished by 
using either dashed or continuous markings or even no markings at 
all, different strategies have been used. 
The first approach relies on the presence of a continuous border 
marking. A search for markings that cross-over is carried out. 
When such a marking corresponds to a sufficiently large gap in 

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 2
60

1:
28

2:
70

0:
6b

90
:5

05
4:

63
cf

:a
8f

2:
87

b6
 o

n 
12

/2
2/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



Worldwide Projects 39 

the border marking, a potential intersection is considered. A digi­
tal road map [105] as well as a Kalman filtering are used to confirm 
this data-driven hypothesis and reduce the measurement noise. 
The second approach also permits the handling of intersections 
marked by dashed lines. The images are processed using a gradient-
based filter in order to find straight lines segments. These segments 
are considered so as to determine whether they form a dash of a 
road marking; during this step a dash list is built. Considering 
smoothly varying lane markings and starting from the assumption 
that dashes belonging to the same lane marking should have a sim­
ilar width, dashes are grouped together to reconstruct the lane 
markings. 
Some a-priori knowledge about the shape of marking lines is used 
to detect intersections. In fact, in Germany, the markings used to 
distinguish an intersection are narrower than the ones used to mark 
the road. 
This approach has been implemented using both the MiniVISTA-
System and a Transputer-based architecture. 

Another approach to Lane Detection was developed more recently [126]. 
In this case, lane markings are supposed to be parallel and are modeled 
using a clothoid approximated by a third order polynomial: 

W = ± - + - x C f t 0 x I 2 + - x C t l x I3 

where: 

yi represents the y coordinate of a lane marking point in the world 
system (assuming a y-axis perpendicular to lane markings); 

b is the road width (the ± includes both left and right markings); 
Ch0 is the local curvature; 
0^ is the curvature variation; 

I is the curvilinear coordinate. 

The position of lane markings in an image n of a sequence is guessed using 
the following relationships: 

yi(tn) = j ( l „ - l ) + l ' X ^ A t 
Ch0{tn) = Cho{tn-i) + Ch% x At [ ■ } 
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where: 

v represents the known speed of the vehicle, 
(f is the vehicle's yaw with respect to the markings, and 
t represents the time. 

This allows the reduction of the portion of the image to be processed. 
Images are scanned along horizontal lines whose density is proportional 

to the distance from the vision system. A complex gradient filtering is 
used to determine edge pixels. Only the border points closest to the state 
predicted using equations (3.1) are considered. 

Other parameters, such as the overall distance from the predicted state 
or tolerance factors for road shape, are used to validate or reject the result. 

3.2.5.2 Obstacle Detection 

The Obstacle Detection functionality is based on the use of an optical flow 
technique in conjunction with data coming from an odometer [91,158]. 

Thanks to the Mini VISTA hardware and two PowerPCs, the optical 
flow vectors are computed from spatio-temporal derivates of grey-level im­
ages. In order to reduce the size of the computed data, estimated vectors 
are grouped together using similarity and closeness as criteria. Another 
grouping step allows the determination of vectors that belong to the same 
obstacle. For this purpose, a plane parallel to the road surface is considered 
and all the vectors that are classified as belonging to an obstacle are pro­
jected onto this plane. Using assumptions concerning the obstacle width 
the projections are matched each other in order to determine the ones that 
belong to the same obstacle. 

3.2.6 Research carried out at the Laboratoire Central des 
Ponts-et-Chaussees de Strasbourg (France) 

This section describes the work developed in France by the research group 
of Strasbourg [32,33,49,50]. 

The main aim of this work is not the development of an autonomous 
vehicle but the design of an image processing method to be implemented 
on an automatic repainting module for road markings recovery. This target 
not only involves lane markings detection but also requires the extraction 
of specific features, such as their width or modulation, as well as the identi-
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fication of other planar road signs that cannot be repainted automatically. 
The currently used repainting vehicles require human operators and 

work at a low speed (10 km/h), this also applies to complex traffic sce­
narios. Even if this processing is partially automated, the monitoring and 
parameters (such as the dashes modulation or the line width) still have to 
be under the control of a human operator. In order to improve working 
safety and processing speed, the development of an automatic repainting 
module (MRA from the French acronyms Module de Repassage Automa-
tique) is one of the aims of this research group. Basically, it requires the 
following tasks: 

• road identification; 
• markings recognition; 
• polygonal representation of markings; 
• actuation on the repainting system. 

A 3-CCD color camera is installed on the MRA; it provides images of 
the working environment up to 50 m ahead of the vehicle. Only speeds up 
to 20 km/h have been considered, therefore allowing both the processing 
of a reduced portion of the acquired image (namely up to 30 m in front of 
the vehicle) and use of a slow processing rate (1 image/s). 

The first step of the processing identifies the part of the image that cor­
responds to the road, therefore speeding up the following feature extraction 
work. Since in this application also non-structured roads are considered, 
the road identification cannot be based on markings recognition. At the 
same time, problems (such as shadows, defects, and dirt) must also be 
faced. The basic assumption used is that there should always be a chro­
matic contrast between road and off-road, at least in one color component. 
To separate the two components, the concept of chromatic saturation [77] is 
used (figure 3.6 shows a road view and its saturated version). It represents 
a measurement of how much a single color component in a pixel prevails 
upon the other two and it does not strictly depend on the brightness of the 
pixel (namely the chromatic saturation is a measurement of how colored or 
grey is a pixel). A neural network approach has been originally chosen for 
this step, while a novel and simpler approach that does not rely on the use 
of neural networks is now under evaluation [33]. 

The road area is scanned using an adaptive threshold to identify painted 
markings and signs. Thanks to a Radon-transform [76,92] based approach, 
the detected signs are matched and stored using a polygonal representa-
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Fig. 3.6 A road image (a) and its saturation (b) (published courtesy of Pierre Char-
bonnier - Laboratoire Regional des Ponts et Chaussees de Strasbourg). 

tion (one or more trapezoids). In order to improve the robustness of the 
approach, this last phase is performed using the luminance component of 
the acquired image. 

Finally the computed trapezoids are grouped to determine the lane 
markings and estimate their size. This step is performed using the Hough 
transform [73]. 

3.2.7 Research carried out at the Defence Evaluation & Re­
search Agency (Great Britain) 

The research areas investigated at the Defence Evaluation & Research 
Agency include feature detection, image filtering, motion segmentation, 3D 
reconstruction, autonomous vehicle research and AI research aimed at the 
application to land vehicles [43]. In particular, the following prototype has 
been developed. 

The ROVA Experimental Vehicle: the ROVA testbed vehicle is an au­
tonomous campervan equipped with: 

• control actuators for steering, accelerator and brakes; 
• several state sensors; 
• interfaces between the actuators/sensors and Transputer links; 
• a steerable camera head with two video cameras; 
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• Transputer-based image processing systems: 

- Transtech i860/Transputer-based system; 
- Parsytec PowerPC/Transputer-based system; 

• VME-based dedicated hardware - the Roke Manor hardware 
feature detector; 

• a Sun host computer. 

The following systems were implemented on the ROVA vehicle. 

ASSET-2 (A Scene Segmenter Establishing Tracking v2): 
is a complete real-time vision system for segmentation and 
tracking of independently moving objects. The main feature 
of ASSET-2 is that it does not require any camera calibration. 
It tracks down objects and is capable of handling correctly 
occlusions amongst obstacles, and automatically tracks down 
each new object that enters the scene. 
ASSET-2 initially builds a sparse image flow field and then 
segmentates it into clusters that feature homogeneous flow 
variation. Temporal correlation is used to filter the result, 
therefore improving accuracy [138]. 

ALTRUISM (Automatic Local Three-dimensional Repre­
sentation Using Image-based Scene Measurements): 
the main aim of ALTRUISM is to three-dimensionally recon­
struct the scene, determining the free-space and position of 
obstacles. 
Another image processing module named DROID is in charge 
of providing the three dimensional scene information for this 
task. It provides a list of measurements regarding the three 
dimensional scene made at specific positions in the image. 
DROID also produces an estimate of the camera's own motion 
in the world, therefore enabling the solution of the scale/speed 
ambiguity. It is a structure-from-motion system and works by 
tracking two-dimensional features over time, using a Kalman 
filter for the three-dimensional tracking of each point [81]. 
ALTRUISM starts by finding a recursive least squares fit of 
a given model to the 3D tracked features, giving an estimate 
of the three-dimensional parameters of the road. Using this 
estimation, DROID is able to determine the three-dimensional 

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 2
60

1:
28

2:
70

0:
6b

90
:5

05
4:

63
cf

:a
8f

2:
87

b6
 o

n 
12

/2
2/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



44 State of the Art 

features that lie on the driveable surface and compute a radial 
map of this surface. This map is temporally filtered to reduce 
noise and to interpolate missing data. 
DROID-ALTRUISM has been implemented as a real-time sys­
tem on the ROVA PowerPC/Transputer image processing 
equipment but the result of the processing is still not fed to 
the steering wheel actuators [137]. 

Integrated Real-Time Motion Segmentation and 3D Inter­
pretation: it integrates the real-time motion segmentation 
system (ASSET-2) and the 3D reconstruction/interpretation 
system (ALTRUISM). 
The ASSET-2 system allows the recognition of moving objects 
from the background. Once all the moving objects have been 
determined, ASSET-2 produces a list of features that belong 
to the static part of the scene. 
This enables the DROID system to run successfully on the 
background part of the image sequence. Finally its output is 
interpreted by ALTRUISM, in order to give warning of poten­
tial obstacles. 

ALERT (Automatic Lane Extraction in Real-Time): this 
system includes lane tracking and longitudinal automatic con­
trol integrating computer vision and radar. 
ALERT processes sequences of images and tracks the lane 
markings, using a combination of local inter-marking inter­
polation and global extraction running on two PowerPCs. 
Horizontal line segments are tracked within the lane and the 
ones associated with the bottom of the next vehicle are deter­
mined. ASSET-2 is used to detect overtaking vehicles. 

3.2.8 Research carried out at Carnegie Mellon University 
(United States) 

The research team of Carnegie Mellon University is mainly focused on the 
two following activities: 

• experimenting with trinocular vision and range finders for off-road 
situations, involving Army HMMWVs; 

• enhancing both safety and throughput in highway traffic. 
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Since 1984 [157] these groups have developed a number of different systems 
implemented on several experimental vehicles, called the NavLab series [78, 
79,147,148]. 

SCARF (Supervised Classification Applied to Road Following): 
this system is based on the use of a color camera and on the as­
sumption that the road would be homogeneously colored. It relies 
on the use of a road model and has the capability to also handle 
unstructured roads [39,40]. 

YARF (Yet Another Road Follower): the use of a number of models 
for each automotive environment allows this system to face different 
situations such as highways, freeways, and also rural roads. When 
working on structured roads the use of color information allows for 
the classification of lane markings [89]. 

ALVINN (Autonomous Land Vehicle In a Neural Net): this system 
is based on a neural net approach. Thanks to a training phase 
based on a large set of images, the system is able to follow the 
road. The input images are filtered to enhance the road and are 
reduced (30 x 32) to speed up the processing [80]. 

Nevertheless, the latest and most promising approach is the RALPH 
system (Rapidly Adapting Lateral Position Handler [119]). The RALPH 
system has been implemented on the NavLab 5 vehicle (see figure 3.7.a). It 
is equipped with: a portable computer for processing, a color CCD camera 
installed behind the windscreen near the rear-view mirror, a range finder 
used for Obstacle Detection, and a GPS system for determining the vehicle's 
speed. 

The Obstacle Detection functionality is based on the use of the range 
finder, whilst Lane Detection is performed by means of artificial vision. 
Since great part of the acquired image is not relevant to driving tasks, 
only a small portion of the image is actually used: more precisely, the 
part corresponding to the road portion about 20 to 70 meters ahead of 
the vehicle, depending on the vehicle's speed and obstacles presence. An 
IPM like transform (see section 4.3.1) is used to homogenize this portion 
of the image, which is also subsampled and reduced to 30 x 32 pixels (see 
figure 3.7.b). 

The determination of the curvature is carried out according a number 
of possible curvature models (for a specific road template), which are used 
for straightening the subsampled image. The result of this straightening 
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Fig. 3.7 (a) The NavLab 5 a Pontiac Transport and (b) output of the RALPH system: 
the bright trapezoid detects the portion of the image used for processing; the small image 
(30 x 32 pixels) in the bottom left hand corner of the picture represents a partial result of 
the computation (published courtesy of Dean Pomerleau - Carnegie Mellon University). 

determines how the model fits the actual road configuration. In fact, in a 
fully straightened image the lane markings are vertical lines and a simple 
histogram, which is built adding the brightness value of the pixels along 
the vertical axis, presents sharp discontinuities. 

To adapt the system's behavior to different road scenarios, various road 
templates are used. Four methods have been implemented to adapt the 
template to the current road environment: 
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• a switch is used to induce RALPH to determine the template start­
ing from the current image; 

• a library of templates is used: the template possessing the highest 
correlation with the current image is selected; 

• the current template is gradually evolved to follow small road 
changes; 

• abrupt scene changes are handled also using road appearance far 
ahead of the vehicle (70 to 100 meters). 

Once the most appropriate model has been found, three parameters are 
computed and used to control: 

• the vehicle lateral offset, 
• the vehicle yaw relative to the road's centerline, and 
• the upcoming road curvature. 

Since the whole vision process does not require the extraction of features 
from the image and thanks to the reduced size of the processed image, a 
simple PC-486 with an acquisition device is used. 

The processing system is able to keep control of the steering wheel and 
the throttle. No actuation is performed on the braking system: when an 
obstacle that is too close is detected, the throttle is simply released. 

Using the results of the processing, the position of the lane center at a 
fixed time (around 1.6 s) ahead of the vehicle is computed. According to 
this result the steering angle of the vehicle is handled to head the vehicle 
to that point. Other enhancements, such as a Kalman filtering, are used to 
improve the estimates and smooth vehicle movements. 

In 1995, the RALPH system was tested on a journey (No Hands Across 
America) from Pittsburgh (Pennsylvania) to San Diego (California). On 
this trip, the NavLab 5 was able to drive itself 98% of the way at an average 
speed of 102 km/h. 

3.2.9 Research carried out at The Ohio State University 
(United States) 

The Ohio State University Center for Intelligent Transportation Research 
has developed three automated vehicles (see figure 3.8) demonstrating: 

• advanced cruise control, 
• automated steering control for lane keeping, 
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Fig. 3.8 The equipment and its layout of the autonomous vehicles developed at The 
Ohio State University Center for Intelligent Transportation Research (published cour­
tesy of Umit Ozgiiner and Keith Redmill - The Ohio State University Center for Intel­
ligent Transportation Systems). 

• automated stopping, 
• lane changes, 
• and other autonomous behaviors in presence of other vehicles. 

These vehicles are equipped with a number of different sensors in order to 
implement both data fusion and fault detection techniques; more specifi­
cally: 

• a vision-based system, 
• a radar system (to determine the lateral position within the lane, 

exploiting reflective lane stripes), 
• a scanning laser range finder (for Obstacle Detection), 
• other sensors like side-looking radars and an angular rate gyroscope. 

Two of these vehicles were demonstrated at the National Automated High­
way System Consortium (NAHSC) 1997 Technical Feasibility Demonstra­
tion in San Diego, California, during August 7-10, 1997 [55,113]. 

3.2.9.1 Lane Detection 

In this paragraph the vision-based portion of Lane Detection is described. 
The Lane Detection system processes grey-scale images acquired using a 
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single CCD camera positioned in place of the central rear view mirror as 
high as possible. The algorithm assumes a flat road with either contin­
uous or dashed bright lane markings. The history of previously located 
lane markings is used to determine the region of interest, thus reducing the 
portion of image to process. The algorithm extracts the significant bright 
regions from the image plane and store them in a vector list. Qualita­
tive parameters such as the convergence of the lines at infinity or the lane 
width, known or estimated, are used to extract from the list the candidate 
lane markings. Finally, in order to handle also dashed lines, a low-order 
polynomial curve is fitted to the computed vectors. 

When available both, right and left markings are used to estimate the 
center of the road; otherwise an estimation of the lane width and the only 
visible marking are used. 

The algorithm has been implemented on a Visionex Smarteye I, which 
is a dedicated image processing system based on the Texas Instruments 
TMS320C30 digital signal processor and equipped with two monochrome 
framegrabbers able to buffer 512 x 480 8-bit images. The processor runs at 
40 MHz. To speed up the computation both framegrabbers are used: while 
the CPU processes an image, the next frame is being captured by the other 
framegrabber. The overall working rate is approximately 17 Hz. 

The vision system's accuracy is about ±5 cm at a lookahead distance 
of approximately 6 meters; results are both fed to the control system using 
a RS232 and displayed on the image output of the Smarteye. 

During the NAHSC '97 Demonstration, the system was tested for over 
more than 1500 miles both on the interstate 1-15 and on tracks with tight 
curves: it demonstrated to be robust and reliable in a number of different 
conditions (new or worn asphalt, concrete, wet road...) [124]. 

3.2.10 Research carried out at the University of Michigan 
(United States) 

3.2.10.1 The ARCADE system 

The ARCADE system (Automated Road Curvature And Direction Esti­
mation) has been developed for road boundary determination. 

A first approach was to approximate road boundaries using straight 
lines with the same vanishing point. The edges of the road boundaries 
were computed, compared to a given model, and used to determine a new 
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vanishing point to be used for the processing of the next image. Obviously 
the system needed an initialization phase to determine the first vanishing 
point. 

A second and more robust approach [88] is based on the use of two 
specific assumptions: the road and its lanes can be approximated by circular 
arcs* and the road in front of the vehicle is flat. The edges of the image are 
computed looking for brightness transitions in a selected row of the image. 
Since the result could be affected by noise, the result is filtered using a least 
median-square estimation technique that allows facing situations in which 
up to 50% of the edges are due to noise. 

3.2.10.2 The MOSFET vehicle 

MOSFET (Michigan Offroad Sensor Fusing Experimental Testbed) is an 
autonomous vehicle developed at the Electrical and Computer Engineering 
Department of the University of Michigan for navigating in unknown ter­
rains [102]. MOSFET is equipped with three color cameras and a bank of 
sonars. The system extracts information from each individual sensor and 
then fuses them, also using the temporal correlation amongst sensed data. 

The vision system relies on the presence of bright lane markings. A 
color segmentation algorithm is used to transform all the acquired color 
images into grey-scale ones. The algorithm is based on a-priori knowledge 
of the typical markings' parameters and of the background. Furthermore, 
it is able to maximize the contrast between the lane pixels and background. 

The two side-looking cameras are used to determine the position and 
orientation of MOSFET with respect to the left and right lanes. An in­
tensity profile of three rows from each grey-scale image is matched against 
a model of an ideal marking; the model is also adapted to reflect the new 
situation. 

Conversely, the forward-looking camera is used to determine the road 
shape in front of the vehicle. In this fitting procedure of a lane 
marking model allows the determination of the lane position and orienta­
tion. Lane markings are modeled as parabolas y = ax2 + bx + c, where 
a represents the curvature, b the orientation, and c the offset. Since the 
markings are assumed to be parallel, they share the same values for a and b. 
A simplified Hough transform is used to accomplish the fitting procedure. 

'More precisely i = i x t x } 2 + m x j + l). 
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3.2.11 Research carried out at the Massachusetts Institute 
of Technology (United States) 

At the Massachusetts Institute of Technology researchers of the Intelligent 
Transportation Research Center are working on various issues related to 
ITS. A feature of this research group is the integration of different sub­
systems from integrated-circuit chips to network architectures used for het­
erogeneous traffic information; some projects are described in the following. 

Adaptive Dynamic Range TV Camera: conventional TV cameras do 
not have enough intensity dynamic range for ITS and other appli­
cations which require high reliability. The adaptive dynamic range 
TV camera chip can increase its dynamic range by a factor of 100. 
The range can also be dynamically adjusted from image-frame to 
image-frame to adapt to the environment (i.e. to obtain a better 
intensity-resolution when a wide dynamic range is not required). 
The chip is made by using the CMOS technology instead of the 
conventional CCD technology in order to make system-on-a-chip 
architecture possible. On-chip parallel analog-to-digital converters 
are also implemented. 

Array processor chips: since real-time early vision requires high com­
putational power, these smart vision chips include both image-
acquisition and image-processing functions on a single chip. The 
MIT group developed both SIMD and MIMD array processors. 
The MIMD ones use mixed digital/analog arithmetic units to de­
crease the silicon area at the cost of the limited resolution. These 
array processors are now being integrated with image acquisition 
functions. 

Real-time stereo vision system: the MIT group developed a cost-ef­
fective stereo vision system. Thanks to the use of a standard PC 
and two off-the-shelf plug-in boards, this system is able to run at 
the speed of 30 frames per second. The computational resource is 
focused on edge areas and sub-pixel operations are carried out in 
real-time. The system is used for three-dimensional lane detection 
and traffic monitoring, as well as, for other on-vehicle applications. 
The system is able to separate partially overlapped vehicles and 
distinguish them from shadows (see figure 3.9). 
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Fig. 3.9 (a) The selected edge pixels (marked using different grey-tones) and (b) their 
computed distance (published courtesy of Ichiro Masaki and Nicole Love - Massachusetts 
Institute of Technology). 

3.2.12 Research carried out at the Phoang University of 
Science and Technology (Korea) 

The Phoang University of Science and Technology, in cooperation with 
the Hyundai car company, developed three autonomous vehicles: the PRV 
series (POSTECH Road Vehicle) [83]. The newest of these systems, the 
PRV III (a Sonata III Hyundai car), is a fully autonomous vehicle able to 
perform road following, obstacle detection, and platooning. The PRV III 
vehicle is equipped with a color CCD camera used for Lane Detection, 
whilst Obstacle Detection and Platooning are performed by means of a 
laser range sensor and sonar sensors. The processing system is based on a 
PC-hosted TMS/C40-based parallel architecture; the vehicle also features 
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actuators for the steering wheel, brake, and throttle. 
The whole system is made up of a modular structure in which a number 

of modules work according to their independent features and roles [84]; also 
the Lane Detection algorithm is based on the following different modules. 

Edge module: this module relies on the presence of road markings and 
combines both neural networks and simple vision algorithms. Two 
parallel stripes of the acquired image are selected and filtered us­
ing Gaussian masks and zero crossing to find vertical edges. The 
result is matched against a given model (a typical road pattern) to 
compute a steering angle and a fitness evaluation indicating confi­
dence in the result. The model is continuously updated taking into 
account the last result in order to reflect the current road scenario. 

Color module: it is based on the processing of color images and is also 
intended to work on unstructured roads. When lane markings are 
present a procedure similar to the one described in the previous 
paragraph is used: the only difference is that the color of the mark­
ings is also determined for differentiating lateral or central mark­
ings. Conversely, when the road does not feature lane markings 
or in presence of strong shadows, a pyramidal approach that also 
works on unstructured roads is used [83]. 
This module too, outputs a steering angle and the fitness evaluation 
parameter. 

Neural Steering Module: the output of the previously discussed mod­
ules is not directly fed to actuators: a module based on neural nets 
processes these outputs and drives the actuators mimicking human 
driving. 

All the functionalities of the PRV III vehicle have been tested both on 
highways roads and on unpaved country roads. 
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PART II 

THE ARGO PROJECT 
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This part of the book contains the presentation of the research work 
developed at the Dipartimento di Ingegneria deU'Informazione, Universitd 
di Parma, Italy. This research activity has been initially developed within 
the framework of the Eureka PROMETHEUS project, aimed at improving 
road traffic safety, and supported by the Consiglio Nazionale delle Ricerche 
under the frame of the Progetto Finalizzato Trasporti II. 

Chapter 4 details the algorithms developed for both Lane and Obstacle 
Detection; chapter 5 presents the evolution of the computing architecture 
starting from the design of ad-hoc systems, up to the use of general-purpose 
off-the-shelf systems. Finally, chapter 6 describes the equipment of the 
ARGO vehicle. 

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 2
60

1:
28

2:
70

0:
6b

90
:5

05
4:

63
cf

:a
8f

2:
87

b6
 o

n 
12

/2
2/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



This page is intentionally left blank 

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 2
60

1:
28

2:
70

0:
6b

90
:5

05
4:

63
cf

:a
8f

2:
87

b6
 o

n 
12

/2
2/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



Chapter 4 

Algori thms for Image Processing 

This chapter presents the evolution of the algorithms developed at the 
Universitd di Parma for Lane Detection and Obstacle Detection. The first 
implementation of Lane Detection was based on a template-matching ap­
proach: a triangular template representing a perspective view of the road 
region was distorted and adapted to a subsampled copy of the acquired 
image with an iterative process. 

Being based on information obtained from the luminance gradient of 
the incoming image, this approach was successful in normal conditions, but 
produced wrong results in presence of shadows or occlusions (e. g. produced 
by obstacles). The problem of shadows was solved thanks to the use of a 
specific filter based on the removal of the perspective effect, whilst obstacles 
were localized by another template-matching filter able to locate the ones 
with a rectangular shape. 

The robustness of the perspective-based filter and limitation in detecting 
potential obstacles with a specific shape suggested shifting the approach 
towards a pattern-matching one, in which also the localization of obstacles is 
based on a perspective transform and does not suffer from shape limitations. 

4.1 Lane Detection: a Model-Based Approach 

This section presents an expectation-driven approach to low-level image 
segmentation aimed at road detection. This can be naturally mapped onto 
mesh-connected massively parallel SIMD architectures capable of handling 
hierarchical data structures. This approach represents a step towards the 
use of top-down control instead of the traditional data-driven approach, 

59 

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 2
60

1:
28

2:
70

0:
6b

90
:5

05
4:

63
cf

:a
8f

2:
87

b6
 o

n 
12

/2
2/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



(SO Algorithms for Image Processing 

which is generally used for data-parallel algorithms. 
The input image is assumed to contain a distorted version of a given 

template; a multi-resolution stretching process is used to re-shape the orig­
inal template in accordance with the acquired image content, minimizing a 
potential function. The distorted template is the process output. 

The model which contains a-priori knowledge of the feature to be ex­
tracted (road or lane) is encoded in the traditional data structure handled 
in low-level processing: a two-dimensional array. In this case, a binary im­
age has been chosen representing two different regions (road and off-road). 
From now on, this image will be referred to as Synthetic Image. It is ob­
vious that different synthetic images must be used according to different 
acquisition conditions (camera position, orientation, optics, etc., which are 
fixed) and in accordance with the environment (number of lanes, one way 
or two way traffic, etc., which may change at run-time). A-priori world 
knowledge enables the correct selection of the synthetic model. As an ex­
ample, figure 4.1 presents several different synthetic images for different 
conditions. 

Fig. 4.1 Synthetic images used as road models for: (a) different camera positions and/or 
orientations (b) different number of lanes (assuming right-hand side driving). 

This algorithm was implemented on the special-purpose massively par­
allel architecture called PAPRICA (described in section 5.1) and was tested 
on the MOB-LAB vehicle. 

4.1.1 The multi-resolution approach 

The image encoding the model {Synthetic Image) and the image coming 
from the camera (Natural Image) cannot be directly compared with lo­
cal computations, because the latter contains much more details than the 
former. From all the known methods used for decreasing the presence of 
details, it is necessary to choose one that does not lower the strength of 
the feature to be extracted. For this purpose, a low-pass filter, such as 
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a 3 x 3 neighborhood-based anisotropic average filter, would not only re­
duce the presence of details, but also the sharpness of road boundaries, 
rendering their detection more difficult. Since the road boundaries exploit 
a long-distance correlation, a subsampling of both the natural and syn­
thetic image would lead to a comparison less dependent on detail content. 
More generally, it is much easier to detect large objects at a low resolution, 
where only their main characteristics are present, than at a high resolution, 
where details of the specific represented object can make its detection more 
difficult. The complete recognition and description process, on the other 
hand, can only take place at high resolutions, where it is possible to detect 
even small details because of the preliminary results obtained at a coarse 
resolution. 

These considerations lead to the use of a pyramidal data structure [5, 
129,143], made up of the same image at different resolutions. Many dif­
ferent architectures have been developed to support this computational 
paradigm [27-29,60]: where the computing architecture contains a number 
of processing elements which is smaller than the number of image pixels and 
an external processor virtualization mechanism is used. A useful side effect 
caused by resolution reduction is a decrease in the number of computa­
tions to be performed. Therefore, the choice of a pyramidal computational 
paradigm, besides being supported by theory, offers an advantage in terms 
of computational efficiency. 

4.1.2 The algorithm structure 

As shown in figure 4.2, the natural image is filtered before each subsam­
pling. In this way it is possible to decrease both the influence of noise and 
redundant details, and the distortion due to aliasing [120] introduced by 
the subsampling process. The image is partitioned into non-overlapping 
square subsets of 2 x 2 pixels each; the filter comprises a simple average of 
the pixels' values for a given subset, which reduces the signal bandwidth. 
The set of resulting values forms the subsampled image. 

The stretching of the synthetic image is performed through an iterative 
algorithm (Driven Binary Stretching, DBS), a much simpler and morpho­
logical version of the snake technique [14,36,37,82]. The result is then 
oversampled, and further improved using the same DBS algorithm, until 
the original resolution is reached. The boundary of the stretched template 
represents the final result of the process. 
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Fig. 4.2 Block diagram of the whole algorithm; for each step the depth of every image 
is shown (in bit/pixel). 
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4.1.2.1 The DBS filter 

The purpose of the DBS filter, illustrated in figure 4.3, is to stretch the 
binary input model in accordance with the data encoded in the grey-tone 
natural image and to produce a re-shaped version of the synthetic model 
as an output. 

Usually the border of a generic object is represented by brightness dis­
continuities in the image reproducing it; therefore, in the first version, the 
first step of the DBS filter includes an extremely fast and simple gradient-
based filter computed on the 3 x 3 neighborhood of each pixel. Then, as 
shown in figure 4.3, a threshold is applied to the gradient image, in order to 
keep the most significant edges only. More precisely, two different threshold 
values are computed for the left and right halves of the image, in order to 
detect both road boundaries even under different conditions of light. 

Fig. 4.3 Block diagram of the DBS filter. 

Since a 2D mesh-connected massively parallel architecture was used, an 
iterative algorithm had to be performed in order to stretch the synthetic 
model towards the positions encoded in the thresholded image. A further 
advantage of the pyramidal approach is that the number of iterations re­
quired for successful stretching is low at a coarse resolution. This is because 
the image size is small; and again, only a few iterations are required for 
high-resolution refinement, due to the initial coarse low-resolution stretch-
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ing. Each border pixel of the synthetic image is attracted towards the 
position of the nearest foreground pixel of the thresholded image, as shown 
in figure 4.4. 

Fig. 4.4 The boundary pixels' attraction towards the thresholded image: (a) two-
dimensional case with the model shown in grey and the thresholded image with a rect­
angular shape; (b) mono-dimensional section. 

For this purpose, a scalar field V is defined on E2. Field V : E2 —> E, 
links the position of each pixel p £ E2 to a scalar value V(p) € E, which 
represents the potential associated to the pixel itself. The set of these values 
is encoded in a potential image. The difference V(j>) — V(q) represents the 
cost of moving pixel p toward position q. The scalar field is defined in such a 
way that a negative cost corresponds to the movement towards the nearest 
position of the foreground pixels £,- belonging to the thresholded image. As 
a consequence, the iterative process is designed explicitly to permit all the 
pixel movements associated to a negative cost. 

Therefore, the value V(p) depends on the minimum distance between 
pixel p and pixels tf. 

V{p) = -imnd(p,ti) , (4.1) 
i 

where d : E2 x E2 -4 E represents the distance between two pixels, mea­
sured with respect to a given metric. In this case, due to the particular 
simplicity of the implementation, a city block {Manhattan distance) metric 
has been chosen (see figure 4.5). 
A very efficient method employed for the potential image computation using 
2D mesh-connected architectures is based on the iterative application of 
morphological dilations: 

(1) a scalar counter is initialized to 0; for parallel architectures which 
cannot run any fragment of scalar code, this counter is associated to 
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Fig. 4.5 City block or Manhattan distance from the central pixel. 

every pixel in the image, therefore constituting a parallel counter; 
(2) the counter is decremented; 
(3) the binary input image is dilated using a 4-connected structuring 

element JV, formed by the following elements: 

N = {(0,1);(0,-1);(0,0);(1,0);(-1,0)} • 
• 1SJ • 

• 
(4.2) 

(4) the counter's value is assigned to the potential image in the posi­
tions where the pixel, due to the previous dilation, changes its state 
from background to foreground; 

(5) the process is then repeated from step 2, until the output of the 
morphological dilation is equal to its input. 

This demonstrates that the potential image can be generated by the 
application of a Distance Transform, DT [15] to the binary thresholded 
image. Due to a more efficient implementation-dependent data handling, 
the final version of the potential image DT is obtained by adding a constant 
A to every coefficient, so as to work with only positive values: A represents 
the maximum value allowed for grey-tone images*. Thus the new definition 
of the scalar field V is: 

V(p) = A — min d(p, £,) (4.3) 

Furthermore, since the distance information is only used by the pixels 
belonging to the synthetic image's border and their neighbors, the itera­
tive process is stopped when the DT has been computed for these pixels, 
producing a noticeable performance improvement. 

"In this specific case, since 8-bit images are considered, A = 255. 
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As already mentioned, the core of the algorithm is an iterative process 
whose purpose is to move the synthetic image's edge pixels in the directions 
in which the DT gradient has a maximum. Figure 4.6 shows an example 
of a mono-dimensional stretching. As shown in appendix A, the strength 
of this approach lies in the fact that the stretching algorithm can be ex­
pressed simply by a sequence of morphological operations, and can therefore 
be mapped efficiently on mesh-connected massively parallel architectures, 
achieving higher performance levels than other approaches [36,37,82]. 

In order to describe the DBS algorithm, some definitions are introduced 

Fig . 4.6 E x a m p l e of 4 i t e ra t ions of t h e D B S a lgor i thm (mono-d imens iona l case) . 
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using Mathematical Morphology operators such as dilation (©), erosion 
(©), or complement (:). A two-dimensional binary image S is represented 
as a subset of E , whose elements correspond to the foreground pixels of 
the image: 

S={seE2 I s = (x,y), x,yeE] , (4.4) 

where vector {x,y) represents the coordinates of the generic element s. 
The external edge of S is defined as the set of elements representing the 

difference between S and the dilation of S by the 4-connected structuring 
element iV shown in expression (4.2): 

Be(S) = {S®N)nS . (4.5) 

In a similar way, the set of elements representing the difference between 
S and its erosion using the same structuring element N is defined as the 
internal edge of 5: 

Bt(S) = (SuN)nS . (4.6) 

The Iterative Rules 
The set of elements B(S) = Be{S) U Bt(S) are the only elements which can 
be inserted or removed from set S by the application of a single iteration 
of the DBS algorithm. More precisely, two different rules are applied to 
the two edges: the first, applied to the external edge Be(S), determines the 
elements to be included in set 5; while the second, applied to the internal 
edge Bi{S), determines the elements to be removed from set 5. 

(1) Rule for the external edge: 

• each pixel of the external edge of 5 computes the minimum 
value of the DT associated to its 4-connected neighbors be­
longing to set S; 

• all the pixels, whose associated DT is greater than the value 
previously computed, are inserted into set S. 

The application of this rule has the effect of expanding the synthetic 
image towards the foreground pixels i; which are not included in 
the synthetic model (see the right hand side of figure 4.4.b). 
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(2) Rule for the internal edge: 

• each pixel of the internal edge of S computes the minimum 
value of the DT associated to its 4-connected neighbors not 
belonging to set S; 

• all the pixels, whose associated DT is greater than the value 
previously computed, are removed from set S. 

The application of this rule has the effect of shrinking the synthetic 
image (see the left hand side of figure 4.4.b). 

Note that rule 2 is the inverse of rule 1: the latter tends to stretch the 
foreground onto the background, while the former acts in the opposite way, 
using the complement of the synthetic image. 

Flat Handling 
Figure 4.6 refers to a mono-dimensional stretching. Unfortunately, when 
dealing with 2D data structures, the DT image does not present a strictly 
increasing or decreasing behavior, even locally. Therefore, an extension to 
the previous rules must be considered for correct fiat-handling in the 2D 
space. 

Figure 4.7.a shows the modulus of the DT coefficients (in the case of 
A = 0), together with the input binary image (shown in grey). The output 
of the iterative DBS algorithm is presented in figure 4.7.b. 

Fig. 4.7 Two-dimensional stretching: (a) input image; (b) stretching without flat-
handling; (c) stretching with flat-handling. Different square markings represent different 
states of input binary image; dark grey areas represent the stretching area. 

Since the movement of a generic pixel towards positions holding an 
equal DT coefficient is expressly disabled, the resulting binary image does 
not completely follow the shape encoded in the DT image. A minor revision 
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of the definition of rule 1 is therefore required. Figure 4.7.C is obtained with 
the following rule applied to the external edge. 

• Rule for the external edge, including flat handling: 

- each pixel of the external edge of S computes the minimum 
value of the DT associated to its 4-connected neighbors be­
longing to set 5; 

— all the pixels, whose associated DT is greater than the value 
previously computed, and all the pixels not belonging to the 
thresholded image, whose associated DT is equal to the value 
previously computed, are inserted into set 5. 

The specific requirement for the pixels moving towards a flat region, of not 
belonging to the thresholded image, ensures that the binary image does not 
follow the DT chain of maxima. With such a requirement, in the specific 
case of figure 4.7, the maxima in the upper-right hand area are not included 
in the resulting binary image. 

4.1.3 Performance analysis 

The algorithm discussed in this section maps naturally onto a single-bit 
mesh-connected SIMD machine, because the whole computation can be 
efficiently expressed as a sequence of binary morphological operators, as 
shown in appendix A. 

The complete processing was first tested on a Connection Machine 
CM-2 [72] and then implemented on the special-purpose massively paral­
lel SIMD architecture PAPRICA installed on the MOB-LAB vehicle. The 
specific processor virtualization mechanism utilized by the PAPRICA ar­
chitecture allows the handling of pyramidal data structures without any 
additional overhead equipment. 

Table 4.1 presents the computational time required by each step of the 
algorithm (considering 5 DT and 5 DBS iterations for each pyramid level). 
The complete processing of a single frame (2562->322->-2562) takes a little 
more than 500 ms. Considering the image acquisition and the data transfer 
time, the system allows a processing rate of 1 Hz. 

Due to the high correlation between two consecutive sequence frames, 
the final stretched template can be used as the input model to be stretched 
by the processing of the following frame. In these conditions a lower num-
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Table 4.1 Performance of the PAPRICA system; the numbers refer to 5 iterations of 
the DT process and 5 iterations of the DBS filter for each pyramid level. 

Operation Image size Time [ms] 
Resolution Reduction 
DT, DBS & Oversampling 
DT, DBS & Oversampling 
DT, DBS & Oversampling 

2562->322 

322^642 

642->T282 

1282->2562 

149.70 
18.55 
69.13 
296.87 

Total 2562^322->2562 534.25 

ber of DBS and DT iterations are needed for complete template reshaping, 
consequently producing a noticeable performance improvement. The re­
duction in the time required to process a single frame also increases the 
correlation between the current and the following frame in the sequence, 
and as a result allows a further reduction in computation time*. 

Images acquired in many different conditions and environments have 
been used for extensive experimentation, which was first performed off­
line on a functional simulator implemented on an 8k processor Connec­
tion Machine CM-2 and then in real-time on the PAPRICA hardware it­
self on MOB-LAB. The complete system was demonstrated at the final 
PROMETHEUS project meeting in Paris, in October 1994: the 
MOB-LAB land vehicle was driven around the two-lane track at Morte-
fontaine, under different conditions (straight and curved roads, with shad­
ows and changing light conditions and with other vehicles on the path). 

This demonstration made possible the detection of the system's main 
limitations and enabled a critical analysis of the approach, consequently 
leading to proposals for its modifications. 

4.1.4 Critical analysis and evolution 

The discussed approach permits the achievement of a remarkable perfor­
mance in terms of both computation time (when mapped on massively 
parallel architectures) and output quality. The performance achieved in 

' During the processing of highly correlated sequences (namely when the road conditions 
are subject to a slow change or in an off-line slow-motion tape playback in labora­
tory) the computational time required by the processing of a single frame can reach a 
minimum value of 150 ms. 
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terms of output quality are good when the model matches (or is sufficiently 
similar to) the road conditions, namely when road markings are painted 
on the road surface, inducing a sufficiently high luminance gradient (see 
figures 4.8 and 4.9 which represent a segment of a straight road and a 
segment of a curved road). This is a successful approach when the road 
or lane boundaries can be extracted from the input image through a gra­
dient thresholding operation (see figures 4.8.b and 4.9.b). Unfortunately, 
this is not always possible, for example when the road region is a patch of 
shadow or sun spots, as in figure 4.10.a. In this case the computation of 
the DT starting from the thresholded image (shown in figure 4.10.b) is no 
longer significant and the road region cannot be successfully recovered as 
shown in figure 4.10.C and 4.10.d. A different method must be devised for 
the computation of the binary image to be used as input for the Distance 
Transform. 

Fig. 4.8 Lane Detection on a straight road: (a) input image; (b) image obtained by 
thresholding the gradient image; (c) stretched template; (d) superimposition of the 
stretched template's edges onto the original image. 

Fig. 4.9 Lane Detection on a curved road: (a) input image; (b) image obtained by 
thresholding the gradient image; (c) stretched template; (d) superimposition of the 
stretched template's edges onto the original image. 
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Fig. 4.10 Lane Detection on a straight road with shadows: (a) input image; (b) image 
obtained by thresholding the gradient image; (c) stretched template; (d) superimposition 
of the stretched template's edges onto the original image. This is a case where the 
thresholded gradient (b) cannot be used to determine the DT image due to the noise 
caused by shadows. 

An approach based on the removal of the perspective, deeply described 
in section 4.3.1, has been introduced to improve the system performance 
in shadow conditions. A non-uniform resampling is applied to the input 
image (figures 4.11.a); assuming a flat road, every pixel of the resampled 
image (figures 4.11.b) represents the same portion of the road. Due to their 
constant width within the overall image, the road markings can now be 
easily enhanced by extremely simple morphological filters (figures 4.11.c). 
Finally the perspective effect is reintroduced (figures 4.11.d). Figures 4.11.e 
show the superimposition of figures 4.11.d onto brighter versions of the 
original ones. 

The replacement of the gradient thresholding with the perspective-based 
filter proved to be highly effective. This extended version of the DBS fil­
ter is shown in figure 4.12. However, even if the perspective-based filter 
alone is able to extract the road markings with a high degree of confi­
dence, the hierarchical application of the DBS filter (and its extension to 
the handling of image sequences) is of basic importance, since it allows ex­
ploitation of the temporal correlation between successive sequence frames 
(solution tracking). 

Since the removal (and re-introduction) of the perspective effect can be 
reduced to a mere image resampling and the filter is based on simple mor­
phological operators, implementing on the PAPRICA system is straightfor­
ward. The results obtained are good both for the output quality (the prob­
lems caused by shadows are resolved) and for computational time: a single 
frame is processed in less than 100 ms, therefore allowing the processing of 
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Fig. 4.11 The detection of road markings through the removal of the perspective effect 
in three different conditions: straight road with shadows, curved road with shadows, 
junction, (a) input image; (b) re-sampled image; (c) result of the line-wise detection 
of black-white-black transitions in the horizontal direction; (d) reintroduction of the 
perspective effect, where the grey areas represent the portion of the image shown in (c)\ 
(e) superimposition of (d) onto a brighter version of the original image (a). 
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Fig. 4.12 Diagram of the extended DBS filter including the perspective-based filtering. 

about 10 frames per second. The improvement of the DBS process by means 
of the perspective-based filter, in addition to allowing correct road (or lane) 
detection in the presence of shadows, can be implemented extremely effi­
ciently on the PAPRICA system, taking advantage of a specific hardware 
extension designed explicitly for this purpose (non uniform-resampling). 

The general nature of the presented approach enables the detection of 
other sufficiently large-sized features: for example, using different synthetic 
models it is possible to detect road or lane boundaries, as shown in fig­
ure 4.13. 

A problem that still remains to be addressed is shown in figure 4.14, 
where the lane cannot be successfully detected due to the presence of an 
obstacle. 

4.2 Obstacle Detection: a Model-Based Approach 

This section contains the presentation of the vehicle detection system act­
ing on monocular video sequences which was initially implemented on the 
MOB-LAB land vehicle. 

The hardware platform is composed of a pipeline of two different com­
puting engines: PAPRICA and a traditional serial architecture running 
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Fig. 4.13 Use of different templates: (a) input image; (b) synthetic model used for 
lane detection; (c) superimposition of edges belonging to the stretched model onto the 
original input image; (d) synthetic model used for road detection; (e) superimposition 
of the stretched model's edge onto the original input image. 

medium-level tasks aimed at detecting the vehicles' position in the sequence. 
Since a generic obstacle (vehicle) possesses an almost rectangular shape, 

the system's aim is to extract from the incoming image all the possible 
rectangles that may represent vehicles on the path. 

4.2.1 The vehicle detection algorithm 

The preliminary image filterings and the detection of the features of interest 
(corners of the rectangles) are performed by the massively parallel system 
PAPRICA, by means of a mathematical morphology-based computational 
paradigm. Conversely, the following selection of the meaningful corners, the 
grouping of 4 corners representing a rectangle (or trapezoid), and the final 
validation of the determined polygons are performed on the serial system. 
Due to its simplicity, the following high-level interpretation of the results 
is performed by the same sequential system. 
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Fig. 4.14 Lane Detection on a straight road with a vehicle in the path: (a) input im­
age; (b) gradient image; (c) result of the removal of the perspective effect, morphological 
filtering, and reintroduction of the perspective effect; (d) stretched template; (e) super-
imposition of the stretched model's edges onto the original input image. This is the only 
case in which the DBS algorithm cannot stretch the binary model successfully, due to 
the presence of a vehicle occluding the road markings. 

4.2.1.1 Low-level processing 

The incoming image (a single field, 512 x 256 pixels) is acquired and loaded 
directly into PAPRICA's image memory. As shown in section 5.1, the 
PAPRICA system provides a mechanism for the emulation of pyramidal 
interconnections between processors without any computational overhead: 
the image is in fact undersampled to obtain a working resolution of 256 x 256 
pixels. Then, an average operation on a 3 x 3 neighborhood is performed 
prior to the gradient filter, in order to diminish the influence of noisy spikes. 
Then, a threshold is applied for the binarization of the resulting image: in 
this case, due to the specific subsequent processing, an accurate determi­
nation of the threshold is not necessary. Under these circumstances, a low 
threshold is used in order to keep a high amount of edges; the edges which 
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do not correspond to rectangles will be deleted by the following medium-
level step. 

Through this choice, the binarized image consists of wide edges, but a 
thinning filter [128] is not recommended. In fact, although the lines' width 
is reduced, therefore leading to a smaller number of black pixels (and con­
sequently to a faster subsequent processing), it does not permit the detec­
tion of corners with a simple and traditional pattern-matching technique. 
Figure 4.15.b shows the binarized version of figure 4.15.a. The low-level 
processing ends with the determination of 4 binary images indicating the 
presence of four kinds of corners: figure 4.16 shows the four patterns used, 
which are not symmetrical; in fact, experimental tests have demonstrated 
that longer horizontal lines also allow the detection of imperfect rectan­
gles (trapezoids). Tests on different road conditions have shown that the 
horizontal lines are more important and less noisy than vertical ones. 

4.2.1.2 Medium-level processing 

In this section obstacles' edges are presumed to be rectangles. The main 
goals of the medium-level computation are the following. 

Fig. 4.15 Shape-based Obstacle Detection: (a) original image, (b) binarized image, (c) 
rectangles detection, (d) final result. 
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Fig. 4.16 Patterns used to detect the 4 corners of a rectangle. 

Detect ion of rectangles 
The algorithm scans the whole image looking for upper-left corners (fig­
ure 4.16.a). For each detected corner, it looks for a matching lower-left one 
(figure 4.16.b), then a lower-right (figure 4.16.d) and finally an upper-right 
one (figure 4.16.c). It is possible to avoid many computations reducing the 
number of rectangles before their complete construction: the side length 
can only range in a precise interval. This interval depends on the obsta­
cle's position within the image: due to the perspective effect induced by 
specific acquisition conditions, rectangles detected in the lower part of the 
image correspond to vehicles close to the camera. For this reason, their 
size should be larger than the size of similar objects detected in the upper 
part of the image. Moreover, real obstacles are characterized by a specific 
aspect-ratio interval: this permits the rejection of a large amount of rect­
angles, providing a speed-up in the following steps of the processing. The 
rectangle construction procedure is drafted in the pseudo-code as follows: 

for every upper left angle 
for every matching lower left angle 

lx = vertical side length 
if min.dim < lx < max.dim 
for every matching lower right angle 

ly = horizontal side length 
if (min.dim < ly < max_dim) and 

(min_ratio < lx/ly < max_ratio) 
for every matching upper right angle 

if (upper right angle) matches (upper left angle) 
then a rectangle is detected 

end for 
end for 

end for 
end for 
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Rectangles validation 
The validation procedure consists of checking, in the binarized image, for 
the presence of over-threshold pixels in the positions corresponding to the 
rectangle's sides. A side is considered valid if and only if at least half 
of the pixels representing it are actually present in the binarized image. 
Rectangles with at least one invalid side are rejected. 

Obviously, in order to speed-up the computation, the validation proce­
dure is interleaved with the rectangle construction process: conversely, for 
the sake of the presentation's simplicity, the two steps have been discussed 
separately as follows. 

Fusion step 
Normally, for each obstacle the algorithm detects more than one rectangle, 
each one with small differences in position and size, as shown in figure 4.15.C. 
Although computational time is increased (a larger number of rectangles 
must be detected and validated), this redundancy offers the advantage of 
reducing the risk of missing obstacles. Therefore, a fusion algorithm is used 
to reduce the amount of redundant information, simplifying the following 
interpretation of the results. If two or more rectangles are sufficiently over­
lapped, they are replaced by a larger one, as in figure 4.15.d. 

The fusion step is drafted in the following pseudo-code: 

for r l = every valid rectangle 
for r2 = every different valid rectangle 

if overlap_ratio(rl, r2) > max_overlap_ratio 
new_rectangle->position = 

weighted_average(rl->position, r2->position) 
if (r2 is included in rl) 

new_rectangle->dim = r2->dim 
else 

new_rectangle->dim = rl->dim + r2->dim + distance(rl,r2) 
mark r l and r2 as not valid 

end for 
end for 

The overlap ratio of rectangle r l over r2 is defined as the ratio between 
the area of the intersection between r l and r2, and the area of r l . The 
weighted average is computed using the size of rectangles as weight. Since 
generally all the rectangles are heavily overlapped, the fusion step is reduced 
to the growing of a single rectangle, including all the others. 
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The algorithm has also been extended to handle image sequences. In 
this case, a notable speed-up is achieved by dynamically reducing the area 
of interest [107,159], namely the region where the obstacle is supposed 
to be in the following frame of the sequence. It is reduced to a single 
image window where the obstacles have been previously detected: these 
windowing techniques [67,151] allow a fast tracking of the moving obstacle. 
The region of interest is determined by taking the smaller bounding box 
including all the obstacles. Information on vehicle motion and the steering 
wheel angle can be used to update the window of attention in a more 
accurate fashion. However, periodically or when no obstacles are found, 
the entire image is analyzed, in order to avoid the risk of missing new 
obstacles. 

4.2.2 Performance analysis 

The whole process has been tested on images representing several extra-
urban double-lane roads, with painted road markings. Although the specific 
process does not rely on the presence of road markings, it has been tested 
on structured roads since it had to be integrated with the module aimed at 
the identification of lane boundaries, and therefore based on road markings 
detection. Unfortunately, road markings represent a noisy feature that 
slows down the medium-level phase: in fact, the number of detected corners 
is increased as well as the number of required matchings. Nevertheless, 
generally the rectangles generated by successful matching do not comply 
with the size requirement mentioned in section 4.2.1.2. For this reason, 
the final amount of valid rectangles is not affected by the presence of road 
markings, although sensibly slackened. 

Figure 4.17 presents a few of the results regarding the processing of 
images that show a vehicle on the road: the resolution of the incoming 
grey-level images is 256 x 256, 8 bit/pixel. 

The algorithm has been tested in different conditions: without obstacles, 
on straight and curved roads, in different light conditions, and on junctions. 
The more critical behavior corresponds to the presence of shadows on the 
path, inducing the appearance of a considerable number of edges in the 
binarized image. 

Table 4.2 presents the timings of low- and medium-level processings: the 
former does not depend on the specific image, while the latter is strongly 
influenced by the amount of extracted features (corners). Table 4.2 confirms 
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Fig. 4.17 Some examples showing the detection of obstacles with a rectangular shape. 

that on straight and curved roads without vehicles the algorithm runs faster 
than in the same conditions with vehicles on the path. This is due to the 
overhead caused by the rectangles' validation phase. On the other hand, 
on particular kinds of images with a lot of details (edges) the number of 
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Table 4.2 Timings for vehicle detection in different conditions. 

Operation Road conditions Time Speed 
Low level | - 265 ms/frame 3.77 Hz 

Medium level 

Straight road with one car 
Straight road without cars 
Curve road with one car 
Curve road without cars 
Junction with cars 
Junction without cars 
Mixed route with one car 

1.21 s/frame 
0.63 s/frame 
1.97 s/frame 
0.58 s/frame 
1.63 s/frame 
2.33 s/frame 
1.38 s/frame 

0.82 Hz 
1.58 Hz 
0.50 Hz 
1.74 Hz 
0.61 Hz 
0.43 Hz 
0.72 Hz 

rectangles grow, consequently requiring a longer processing. In this case, 
the presence of one vehicle decreases the computational time thanks to the 
windowing techniques. 

4.3 The GOLD System: a Cooperative Pattern-Matching 
Approach to Lane Detection and Obstacle Detection 

This section presents the GOLD (Generic Obstacle and Lane Detection) 
system, a stereo vision-based software system to be used on moving vehicles 
to detect both generic obstacles (without constraints on symmetry or shape) 
and lane position in a structured environment (with painted lane markings). 
Thanks to the Inverse Perspective Mapping geometrical transform, the per­
spective effect is removed from both left and right stereo images; a single 
image is used to detect lane markings with a series of morphological filters, 
while both stereo images are used for the detection of free-space in front of 
the vehicle. 

The system was initially tested on the MOB-LAB mobile laboratory 
which was driven for more than 3000 km along extra-urban roads and free­
ways at speeds of up to 80 km/h. It demonstrated its robustness with 
respect to shadows and changing light conditions, different road textures, 
and vehicle movements. These extensive tests made it possible to improve 
and refine the system and, subsequently, use an enhanced version of the 
GOLD system as the automatic driving system on the ARGO autonomous 
vehicle (described in chapter 6). 
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The GOLD System 83 

4.3.1 Inverse Perspective Mapping 

This section discusses a geometrical transform that permits the removal of 
the perspective effect from images. 

In early vision, images can be considered as a mere collection of pixels; 
for this reason in the case of generic filterings, such as contrast enhance­
ment or brightness rescaling, namely when the meaning of each pixel is not 
taken into account, the processing can be efficiently performed on SIMD 
architectures. Unfortunately, in almost all real cases, every image pixel 
carries its own amount of information, and therefore possesses a different 
meaning compared to other pixels: both the angle of view from which the 
scene is acquired and distance of the objects from the camera, contribute 
to associate a different information content to each pixel. The perspective 
effect must in fact be taken into account in order to weigh each pixel ac­
cording to its information content, which is generally not uniformly and 
homogeneously distributed. The different functions applied to each pixel, 
in accordance to its position within the image, make the implementation 
of this kind of low-level processing inefficient on an SIMD system, which 
by definition performs the same operation on each of the image's pixel. As 
an example, let us consider the specific problem of road markings detection 
in images acquired from a camera installed on a mobile vehicle. Due to 
the perspective effect introduced by the acquisition conditions, the road 
markings width changes according to their distance from the camera (as 
shown in figure 4.18.a). Thus a pixel in the middle of this image represents 

Fig. 4.18 (a) Due to the perspective effect different pixels represent different portions 
of the road; (b) the road markings width changes according to their position within the 
image. 

tens or more cm2 of the road texture, while a pixel in the lower part of the 
same image represents only a few cm2. Therefore, the correct detection of 
road markings should be based on matchings with different sized patterns, 
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according to the specific position within the image. Unfortunately this dif­
ferentiated low-level processing cannot be efficiently performed on SIMD 
massively parallel systems. 

To cope with this problem the Inverse Perspective Mapping (IPM) ge­
ometrical transform has been introduced: it enables the removal of the 
perspective effect from the acquired image remapping it into a new 2D do­
main (the remapped domain), in which the information content is uniformly 
distributed amongst all pixels, therefore allowing the efficient implementa­
tion of the following processing steps on an SIMD machine. Obviously, 
the application of the IPM transform requires the knowledge of the specific 
acquisition conditions (camera position, orientation, optics...) and some 
assumptions on the scene represented in the image (here defined as a-priori 
knowledge). For this reason the IPM transform can be of use in structured 
environments [117,131], where, for example, the camera is mounted in a 
fixed position (e.g. for surveillance, quality control, or industrial inspec­
tion), or in situations where the system's calibration can be computed via 
other kinds of sensor, such as sonars, lasers, or bumpers (e.g. for indoor 
robotics applications [94,140]). 

4.3.1.1 Removing the perspective effect 

The procedure aimed at removing the perspective effect resamples the in­
coming image, remapping each pixel towards a different position and pro­
ducing a new two-dimensional array of pixels. 

Assuming that the vision system acquires an image of a scene represent­
ing a known surface, the IPM transform removes the perspective effect and 
produces a remapped image that represents the stretched texture of the 
framed surface. In the following section, the discussion will be limited to 
the case of a planar surface <S, in this case the use of IPM makes it possible 
to obtain a bird's eye view of the scene. 

The acquisition process can be devised as a transform from the 3D Eu­
clidean space W to the 2D Euclidean space I , where: 

• W = <(x,y,z)> £ E3 represents the 3D world space (world-
coordinate system), where the real world is defined; 

• I = I (u, v) > £ E2 represents the 2D image space (screen-coordinate 
system), where the 3D scene is projected. 

The I space represents the acquired image while, according to the flatness 
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The GOLD System 85 

assumption, the remapped image is defined as the xy plane of the W space, 
namely the 5 = l(x,y,0) G w\ surface. 

The use of the IPM transform allows the projection the acquired image 
onto 5, acting as the dual of a ray-tracing algorithm [109]. Figure 4.19 
shows the relationships between the two spaces W and 1. 

Fig. 4.19 The relationship between the two coordinate systems. 

I —> S mapping 

The use of the IPM transform requires the knowledge of the following pa­
rameters [109]: 

• viewpoint: the camera position is C = (l,d,h) e W; 
• viewing direction: the optical axis 6 is determined by the following 

angles: 

- j : the angle formed by the projection (defined by versor 77) of 
the optical axis 6 on the plane 2 = 0 and the x axis (as shown 
in figure 4.20.a); 

— 6: the angle formed by the optical axis 6 and versor f) (as 
shown in figure 4.20.b); 

• aperture: the camera angular aperture is 2a; 
• resolution: the camera resolution is n x n. 
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86 Algorithms for Image Processing 

Fig. 4.20 (a) The xy plane in the W space, namely the S surface; and (b) the zrj plane, 
assuming the Origin translated onto the projection Cxy of C on S. 

In the following the intersection is determined between the 

S={(x,y,0)ew} (4.7) 

surface and each of the n2 rays that leave the camera (within the viewing 
pyramid [109]). The n2 rays are determined by 9{u) and j{v), obtained by 
scanning the camera angular aperture. 6(u) and y(v) can vary as follows: 

< 
^ 7(t,) = ( 7 _ a ) + V ? i ^ T 

(4.8) 
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The GOLD System 87 

where u, v = 0 ,1 ,2 , . . . ,n — 1 represent the coordinates in the I space. 
The distance d between the projection Cxy of C G W on the 5 plane 

and the intersection P £ S between the generic ray determined by the 
couple(#(u), 7(1;)) and S is given by the following expression: 

d(Cxy,P) = = T . 
tan \6{u)\ 

The projection of P on the x and y axes is given by: 

x{P) = h—j cos-y(y) + l 
tan 9(u) 

y(P) = ^ 
T
 smj(v) + d 

(4.9) 

(4.10) 

tan 9{u) 

Using equations (4.8), the final mapping / : I —> S as a function of u and 
v is then given by: 

2a (7 — a) + v 2a 

2a (l-a)+v^j 
+ 1 

+ d 

x(u,v) = h x cot (6 — a) + u "~ ■> x cos 

y{u,v) = h x cot (fl — a) + u _ H x sin 
z(u,u) = 0 

(4.11) 
Equations (4.11) return the point (x,y,0) 6 S corresponding to point 
(u,v) e T. 

S —> I mapping 

Following similar algebraic and trigonometric manipulations, the inverse 
transform g : S —► J (the dual mapping) is given as follows. Given a 
generic point P — (x,y,0), the angles are computed formed by the optical 
axis 6 and segment CP. Following the definitions of 6 and 7 given by 
equations (4.8), it is: 

7(x,2/,0) = arctan 

6(x,y,0) = arctan 

y-d 
x — 
hsm'y(x,y,Q) 

y-d 
(4.12) 

If 7(x, y, 0) e [ 7 - 0 , 7 + a\ and (9(z, j/,0) € w - a,6 + a\, then point P 
belongs to the viewing pyramid and its coordinates (u,v) in the I space 
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are given by the following mapping g : S -> I 

9(x,y,0)- (0-c, 
u(x,y,0) = 

V" 1 / x • (4-13) 
7(2, y,o) - ( 7 - t t ) 

f(x,y,0) = ^ '-

The use of the projection transform defined by equations (4.13) per­
mits the removal of the perspective effect and recovery of the texture of 
the S surface (the z = 0 plane of the W space). The array of pixels of 
coordinates (x,y,0) £ W (which form the remapped image) is scanned and 
each pixel is assigned the value of the corresponding pixel of coordinates 
(u(x,y,Q),v(x,y,0)j e 1. 

As an example, figure 4.21 shows the original and remapped images. 
The advantage offered by the use of the IPM is that in the remapped image 
(see figure 4.21.c) the road markings width is almost invariant within the 
whole image. This simplifies the following detection steps and allows their 
implementation with a traditional pattern-matching technique on an SIMD 
system. Since a road detection algorithm needs to be fast, the projected 
image's resolution has been chosen as a trade-off between processing time 
and information loss; figure 4.21.d shows the remapped image, presenting 
the road surface with an aspect ratio of 1:1. Note that the specific camera 
position, orientation, and angular aperture cause the lower portion of the 
remapped image to be undefined; the size of the undefined area depends on 
the remapping parameters and on the acquisition setup. 

4.3.2 Inverse Perspective Mapping and stereo vision 

This section discusses an extension of the Inverse Perspective Mapping 
transform to stereo vision. 

As a consequence of depth loss caused by the acquisition process, the 
use of a single two-dimensional image does not allow a three dimensional 
reconstruction of the world without the use of any a-priori knowledge. On 
the other hand, when the target is the reconstruction of 3D space, the solu­
tion gets more and more complex due to the larger amount of computation 
required by well-known approaches, such as: 
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The GOLD System 89 

Fig. 4.21 IPM applied to a road environment: (a) 3D representation of the environment, 
(b) the acquired image, (c) the remapped image, and (d) the remapped image with the 
original aspect ratio. 

• the processing of stereo images [58], 
• the processing of sequences of images [69], or 
• the use of other non-trivial techniques, such as, for example, shape 

from shading [111, 114] or shape from texture [142]. 

Using pairs of stereo images has generally been considered as a solution 
to this problem; the traditional approach to stereo vision [58] can be divided 
into four steps: 

(1) calibration of the vision system; 
(2) localization of a feature in an image; 
(3) identification and localization of the same feature in the other im­

age; 
(4) 3D reconstruction of the scene. 

Triangulations between points that correspond to the same feature (ho­
mologous points) allow the solution to the problem of three dimensional 
reconstruction. Unfortunately, the determination of homologous points is 
a difficult task, but the introduction of some domain specific constraints 
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(such as the assumption of a flat road in front of the cameras) can sim­
plify it. In particular, when a complete 3D reconstruction is not required 
and a verification of matching with a given model is sufficient, the appli­
cation of IPM to stereo images plays a strategic role. For example the 3D 
reconstruction can be replaced with a model match in many cases, such as: 

• obstacle detection: the model represents the environment without 
obstacles; any deviation from the model detects a potential obsta­
cle; 

• object identification: the model encodes the shape of a specific ob­
ject; matching enables the recognition of the object by means of its 
shape; 

• object localization: the model encodes the position of a specific 
object with respect to the environment; the measurement of the 
deviation from the model permits the determination of the actual 
object position. 

The set of points U = \ (x,y,z) | u ( L ' = w(fl) and i /L ) = i/fl) >, where 

(w*L), f ' L ' ) and (u( f l),i/ f lM correspond to the projection of (x,y,z) in 
the 1 space of the left and right cameras respectively, represent the zero 
disparity surface of the stereo system, called horopter [26]. Whenever a 
stereo system acquires images of an object that matches the horopter size, 
shape, and position, the two stereo images become identical. In this case, 
the search for homologous points becomes trivial, since they have the same 
coordinates in both stereo images. This property is extremely useful when 
the horopter coincides with the model of the feature of interest: in fact, 
the detection of disparities between the model and real scene under these 
circumstances is reduced to a simple pixel-wise comparison between the 
two acquired images. As mentioned above, for example, in the detection of 
obstacles that can obstruct the vehicle's path it may be useful to overlap 
the horopter with the planar surface representing the ground. 

As shown in figure 4.22, the horopter has a spherical shape, the smaller 
the angle formed by the cameras' optical axes (cameras' vergence), the 
larger the radius [26]; when the cameras' vergence is small the horopter can 
be considered planar. Unfortunately, since only the horopter's size (radius) 
can be modified acting on cameras' vergence, the horopter cannot be over­
lapped with a generic surface, because this would also require changing its 
position and shape. 
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Fig. 4.22 Relationship between the angle formed by the optical axes of two stereo 
cameras and the horopter. 

IPM can solve this problem, acting as an electronic vergence, therefore 
permitting the overlapping of the horopter with any surface. More pre­
cisely, since IPM can be used to recover the texture of a specific surface 
(the xy plane in the example of road markings detection), when applied 
to both stereo images (with different parameters reflecting the different ac­
quisition setup of the two cameras) it provides two instances, namely two 
partially overlapping patches, of the given surface, consequently modify­
ing the horopter's shape. These two patches, thanks to the knowledge of 
the vision system setup, can be brought to a correspondence, so that the 
horopter's position is also changed, and homologous points share the same 
coordinates in the two remapped images. 

4.3.2.1 An application of stereo IPM: Obstacle Detection 

As mentioned above, when Obstacle Detection means the mere localiza­
tion of objects that can obstruct the vehicle's path without their complete 
identification or recognition, stereo IPM can be used in conjunction with a 
geometrical model of the road in front of the vehicle [57]. Assuming the 
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flat road hypothesis introduced in the previous section, IPM is performed 
using the same relations expressed by equations (4.13). This is of basic im­
portance since in a system aimed at both Obstacle and Lane Detection the 
IPM transform may be carried out only once and its result can be shared by 
the two processes. The flat road model is checked through a pixel-wise dif­
ference between the two remapped images: in correspondence to a generic 
obstacle in front of the vehicle, namely anything rising up from the road 
surface, the difference image features sufficiently large clusters of non-zero 
pixels that have a particular shape. 

In fact, the IPM transform maps straight lines perpendicular to the road 
surface into straight lines passing through the projection Cxy = (l,d, 0) of 
the camera onto the 2 = 0 plane (see figure 4.20). Using formulas (4.11), a 
vertical straight line is represented by the set of pixels 

< P(ui,Vi) \ vi = v = constant > ; (4-14) 

thus, defining 

= (7 — a) + v _ H = constant 

p(u) = tan[( f l -o)+t*j j2f l T ] 

it follows that 

(4.15) 

x(u,v) = 1 % cos ky + . y ' p(u) 
V(u,v) = ^sinky+d , (4-16) 

z = 0 

which represents the straight line x = (y — d) cot(fcs) + I passing through 
CXy = (l,d,0). Therefore the IPM transform maps the vertical edges of 
generic obstacles into straight lines intersecting in Cxy. Since in a stereo 
vision system the projections of the cameras on <S do not coincide, due to 
the stereo cameras' different angles of view, an ideal homogeneous square 
obstacle produces two clusters of pixels with a triangular shape in the dif­
ference image, in correspondence to its vertical edges. 

This behavior is shown in figure 4.23, which depicts the left and right 
views of an ideal white square obstacle on a gridded dark background, the 
two corresponding remapped images, and the thresholded difference also 
showing the overlapping between the two viewing areas. 
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The GOLD System 93 

Fig. 4.23 The acquisition of an ideal homogeneous square obstacle: (a) 3D representa­
tion; (b) left image; (c) right image; (d) left remapped image; (e) right remapped image; 
(f) difference image in which the grey area represents the region of the road unseen by 
both cameras. 
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4.3.3 Functionalities 

In the following section the Lane Detection and Obstacle Detection func­
tionalities are discussed. Both of them are divided into a low-level phase 
that can be efficiently expressed with an SIMD computational paradigm 
and a serial high- and medium-level phase. 

4.3.3.1 Lane Detection 

Lane Detection is performed assuming that a road marking in the 2 = 0 
plane of the W space (i.e. in the remapped image) is represented by a quasi-
vertical bright line of constant width surrounded by a darker region (the 
road). Consequently, the pixels belonging to a road marking have a higher 
brightness value than their left and right neighbors at a given horizontal 
distance. Figure 4.24.a and 4.24.b show the original and remapped images 
together with a linear brightness profile of a horizontal line. 

The first phase of road markings detection is therefore based on a line-
wise determination of horizontal black-white-black transitions, while the 
following medium-level process is aimed at the extracting information and 
reconstructing road geometry. 

Feature Extraction 
The brightness value b(x,y) of a generic pixel belonging to the remapped 
image is compared to its horizontal left and right neighbors at a distance 
m: b(x,y-m) and b{x,y + m), wiih m > 1. 

A new image, whose values r(x, y) encode the presence of a road mark­
ing, is then computed according to the following expression: 

r{x } = ( d+m(x,y)+d.m(x,y) if (d+m(x,y) > o) A (d_m(x,y) > o) 
[ 0 otherwise 

(4.17) 
where 

f d+m(x,y) = b(x,y)-b(x,y + m) 
\ d-m(x,y) = b(x,y) - b(x,y - m) (4.18) 

represent the horizontal brightness gradient. The choice of m depends on 
the road markings width, image acquisition process, and parameters used 
in the remapping phase. Considering m = 2, the filtered image is shown in 
figure 4.24.C 
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Fig. 4.24 The sequence of images produced by the low-level Lane Detection phase 
together with a linear profile of one of their lines: fa) original; (b) remapped; (c) filtered; 

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 2
60

1:
28

2:
70

0:
6b

90
:5

05
4:

63
cf

:a
8f

2:
87

b6
 o

n 
12

/2
2/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



96 Algorithms for Image Processing 

Due to different light conditions (e.g. in presence of shadows), pixels 
representing road markings may have different brightness, yet maintaining 
their superiority relationship with their horizontal neighbors. Consequently, 
since a simple threshold seldom gives a satisfactory binarization, the image 
is enhanced exploiting its vertical correlation; then an adaptive binarization 
is performed. 

The enhancement of the filtered image is performed through a few iter­
ations of a geodesic morphological dilation [135] with the following binary 

1 1 1 
structuring element T g T , where 

I v _ / 1 ' ^ r(a;,y) ^ 0 ,. .„ . 
c(x,y) - j 0 , otherwise ' ' 

is the control image [135]. The result of the geodesic dilation is the product 
between the control image and the maximum value computed amongst 
all the pixels belonging to the neighborhood described by the structuring 
element. The iterative application of the geodesic dilation corresponds to 
the widening of the neighborhood, except towards the directions in which 
the control values are 0. Figure 4.25 shows the results of 3 iterations on a 
portion of an image that represents a lane marking. 

Moreover, since 

r(z,y)?Q => \ r&V-)) = ° , (4.20) 
\ r{x,y + m) =0 

the filtered image's pixels at a distance m from a road marking assume a 
zero value; according to equation (4.19) their control value is 0 and as a 
result they form a barrier to the propagation of the maximum value. The 
enhanced image (after 8 iterations) is shown in figure 4.24.d. 

Finally, the binarization is performed by means of an adaptive threshold: 

{ TTlf X V) i , if e(x,y)>-^± ( 

0 , otherwise 
where e(x,y) represents the enhanced image, m(xy)) the maximum value 
computed in a given c x c neighborhood, and A; is a conssant. The result of 
the binarization of figure 4.24.d (considering k = 2 and c = 7) is presented 
in figure 4.24.e. 
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Fig. 4.25 The geodesic morphological dilation used for image enhancement: (a) input 
image, (b) control image, and (c-e) results of the first three iterations. 

Road Geometry Reconstruction 
The binary image is scanned row by row in order to build chains of 8-
connected non-zero pixels. Following the choice of m = 2 at the previous 
step, every non-zero pixel can have at the most one adjacent non-zero pixel 
in the horizontal direction; as a result for each pair of horizontally adjacent 
pixels the one farthest to the right is chosen so that chains are built with a 
thickness of one pixel. 

Each chain is approximated with a polyline made of one or more seg­
ments, by means of an iterative process. Firstly, the two extrema (A and 
B) of the polyline are determined averaging the position of the last few 
pixels at either end of the chain, in order to cope with possible ripples. The 
segment that joins these two extrema is considered. A first approximant 
segment (AB), built using these two extrema, is considered and the hori­
zontal distance between its mid point M and the chain is used to determine 
the quality of the approximation. In case it is larger than a threshold, two 
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segments (AM1 and M'B) sharing an extremum are considered for the ap­
proximation of the chain, where M' is the intersection between the chain 
and the horizontal line that passes through M (see figure 4.26.a). The pro­
cess is iterated on the approximant segments AM' and M'B; at the end of 
the processing all chains will be approximated by polylines. 

Fig. 4.26 (a) Approximation of chains with polylines and (b) parameters considered 
for polylines joining. 

To get rid of possible occlusions or errors caused by either noise or 
ineffective low-level processing, two or more polylines are joined onto longer 
ones taking in account different parameters, such as: the horizontal distance 
x and the vertical distance y between the nearest extrema, the angles a 
and (3 formed by the final segments a and b of each polyline respectively 
and the segment c that joins the nearest extrema of the polylines (see 
figure 4.26.b). Since the parameters taken into account depend only on the 
ending segments of each pair of polylines, the joined polylines need to be 
evaluated also globally: those featuring a too high or too variable curvature 
and those that are shorter than a given threshold are discarded. When more 
solutions exist for joining the polylines, all of them are considered. 

A reference line is used to select the polyline which most likely matches 
the road center line. Initially the vehicle is assumed to be in a specific po­
sition (center of the lane) on the road, which, at the same time, is thought 
of as being almost straight. In this situation the road center line in the 
remapped image is a straight vertical line that is expected to be found 
in a circumscribed area of the remapped image. Computed polylines are 
matched against this reference line using several parameters such as dis­
tance, parallelism, orientation, and length. The polyline that fits better 
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Fig. 4.27 The medium- and high-level steps of Lane Detection: (a) concatenation of 
pixels; (b) segmentation and construction of polylines; (c) joined polylines; (d) filtered 
polylines; (e) superimposition of the detected center line onto a brighter version of the 
original image for displaying purposes. 

these parameters is selected and then used to determine a new reference, 
enabling the system to track the center line in image sequences and also 
to work with bent roads. A different initialization of the reference line is 
available which makes the system track the right lane marking instead of 
the road center line. 

Since the model assumed for the external environment (flat road) al-
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lows to determine the spatial relationship between image pixels and the 3D 
world [94], it is possible to derive from the previous result both the road 
geometry and vehicle position within the lane. Figure 4.27 shows the steps 
of Lane Detection. 

Some results of Lane Detection in a number of different conditions are 
shown in figure 4.28. 

Fig. 4.28 A few results of Lane Detection on a rural road. 
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4.3.3.2 Obstacle Detection 

As shown in section 4.3.2, the stereo IPM technique can produce a difference 
image in which ideal square obstacles are transformed into two triangles. 
The Obstacle Detection process is based on the localization of pairs of these 
triangles by means of a quantitative measurement of shape and position of 
the two corresponding triangles. Unfortunately due to the texture, irregular 
shape, and non-homogeneous brightness of real obstacles, the detection and 
localization of the triangles becomes difficult. Nevertheless, in the difference 
image some clusters of pixels with a quasi-triangular shape are anyway 
recognizable, even if they are not clearly disjointed. Moreover, in case two 
or more obstacles are present in the scene at the same time, more than two 
triangles appear in the difference image. A further problem is caused by 
partially visible obstacles which produce a single triangle. 

The low-level portion of the process, detailed in figure 4.29, is conse­
quently reduced to the computation of difference between the two remapped 
images, a threshold, and a morphological opening [70] aimed at removing 
small-sized details in the thresholded image. 

Polar Histogram 
A polar histogram is used for the detection of triangles: given a point F 
in the z = 0 plane of the W space (called focus), it is computed scanning 
the difference image and counting the number of overthreshold pixels for 
every straight line originating from the focus F. The the polar histogram's 
values are then normalized using the polar histogram obtained by scanning 
an image where all pixels are set (reference image). Furthermore, a low-pass 
filter is applied in order to decrease the influence of noise (see figure 4.30). 

When F lies on the prolongation of a triangle edge, the polar histogram 
presents a sharp discontinuity. The localization of a triangle is therefore 
performed exploiting the following property: the prolongations of the edges 
of a triangle intersect both projections Cxy and Cxy of the two cameras 
onto the road plane, as shown in figure 4.31. 

Due to the short distance between Cxy and Cxy , instead of computing 
two different polar histograms (having focus on Cxy and Cxy) a single 
one is considered. The polar histogram's focus is placed in the middle of 
Ci^df; in this case the polar histogram presents an appreciable peak 
corresponding to each triangle. Since the presence of an obstacle produces 
two disjointed triangles (corresponding to its edges) in the difference image, 

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 2
60

1:
28

2:
70

0:
6b

90
:5

05
4:

63
cf

:a
8f

2:
87

b6
 o

n 
12

/2
2/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



102 Algorithms for Image Processing 

Fig. 4.29 Obstacle Detection: (a) left and (b) right stereo images, (c) and (d) the 
remapped images, fej the difference image, ({) the angles of view overlapped with the 
difference image, (g) the polar histogram, and (h) the result of Obstacle Detection using 
a black marking superimposed on the acquired left image; the thin black line highlights 
the road region visible from both cameras. 

Obstacle Detection is limited to the search for pairs of adjacent peaks. The 
position of a peak in fact determines the angle of view under which the 
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Fig. 4.30 Steps involved in the computation of the polar histogram: (a) original dif­
ference image; (b) reference image; (c) polar histogram computed from the difference 
image; (d) normalizing factor obtained scanning the reference image; (e) normalized 
histogram; (f) filtered polar histogram. 

obstacle edge is seen (figure 4.32). 
Peaks may have different characteristics, such as amplitude, sharpness, 
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Fig. 4.31 Relationships between obstacle and cameras position: (a) perspective view 
and (b) road plane view. 

Fig. 4.32 Correspondence between triangles and directions pointed out by peaks de­
tected in the polar histogram. 

or width. This depends on the obstacle distance, angle of view, and dif­
ference of brightness and texture between the background and the obstacle 
itself (see figure 4.33). 
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Fig. 4.33 Polar histograms: (a) ideal situation, (b) real situation with one obstacle and 
(c) real situation with two obstacles. 

Peaks Joining 
Two or more peaks can be joined according to different criteria, such as 
similar amplitude, closeness, or sharpness. The analysis of a large num­
ber of different situations made possible the determination of a parameter 
embedding all of the above quantities. According to the notations of fig-
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ure 4.34, R is defined as the ratio between areas A% and A2. If R is greater 
than a threshold, two adjacent peaks are considered as generated by the 
same obstacle, and then joined; otherwise, when the two peaks are far apart 
or the valley is too deep they are left alone (not joined). Figure 4.35 shows 
some examples of peak joining. 

Fig. 4.34 If the ratio between areas A\ and A2 is greater than a threshold, the two 
peaks are joined. 

Obviously, a partially visible obstacle produces a single peak that can­
not be joined to any other. The amplitude and width of peaks, as well as 
the interval between joined peaks, are used to determine the angle of view 
under which the whole obstacle is seen. 

Estimation of Obstacle Distance 
The difference image can also be used to estimate the obstacle distance. 
For each peak of the polar histogram a radial histogram is computed scan­
ning a specific sector of the difference image. The width c^ of the sector 
is determined as the width of the polar histogram peak in correspondence 
to 80% of the peak maximum amplitude hi. The number of overthreshold 
pixels is computed and the result is normalized. The radial histogram is an­
alyzed to detect the corners of triangles, which represent the contact points 
between obstacles and road plane, therefore allowing the determination of 
the obstacle distance through a simple threshold (see figure 4.36). 

The result is displayed with black markings superimposed on a brighter 
version of the left image; they encode both the obstacles' distance and 
width. Figure 4.37 shows the results obtained in a number of different 
situations. 

Figure 4.38 presents the results of both Obstacle Detection and Lane 
Detection. 
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Fig. 4.35 Some examples of peaks join: (a) one obstacle, (b) two obstacles and (c) a 
large obstacle. 

4.3.4 An extension of Inverse Perspective Mapping to han­
dle non-flat roads 

A large number of implementations of autonomous driving systems devel­
oped worldwide [6,32,118,158], including the previously described GOLD 
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Fig. 4.36 Steps involved during the computation of radial histogram for peak P2: 
(a) original image; (b) binary difference image; (c) polar histogram; (d) sector used 
for the computation of the radial histogram; (e) radial histogram. 

system, rely on the strong assumption of moving on a flat road or -more 
realistically- on a road with a smoothly varying slope. This assumption 
is of fundamental importance since in the great majority of these systems 
the first stage of the processing is based on the Inverse Perspective Map­
ping. Obviously, the formulas that define this mapping heavily rely on the 
knowledge of the road surface's geometry, which is not always completely 
known. It can mainly vary according to the following two different reasons: 

• vehicle movements (pitch and roll), which change the reference sys­
tem of the acquisition device with respect to the road; 

• changes in the slope of the road. 
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Fig. 4.37 Obstacle Detection: the result is shown by a white marking superimposed on 
the image captured by the left camera; a black thin line limits the portion of the road 
seen by both cameras. 

While minor vehicle movements (generally at a low frequency, about 1 Hz) 
and small changes in the road slope can be neglected for relatively short 
fields of view (as it will be shown in section 4.3.5), appreciable deviations 
from the flat road assumption may lead to unacceptable distortion in the 
resulting image. 

Although during the MilleMiglia in Automatico tour (see chapter 7) the 
behavior of the system was satisfactory throughout the whole trip, in some 
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Fig. 4.38 A few results of both Obstacle and Lane Detection. 

specific situations -mainly in the Appennine regions, where many subse­
quent changes in the road slope are present- the assumption of a flat road 
was not met and some calibration errors occurred. These errors led to 
wrong measurements of the vehicle position, generating lateral oscillations 
of the vehicle within the lane during uphill and downhill driving. A quan­
titative measurement of these lateral movements was not carried out but 
it was estimated to be less than one meter. This effect can be tolerated on 
highways where the lanes have a large width, but can be critical on roads 
with narrow lanes (typical Italian extra-urban roads). 
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Therefore an extension of the IPM technique is required to also han­
dle roads whose slopes can vary quite abruptly. This extension (Extended 
Inverse Perspective Mapping, EIPM) relies on the processing of stereo im­
ages, whose analysis is used to update the road slope ahead of the vehicle, 
and is based on the following steps: 

(1) both stereo images are processed (remapped) with the IPM trans­
form, using the current set of parameters; 

(2) from the two new images some features are extracted, which belong 
to the road surface (in the current implementation these features 
are the road markings); 

(3) if these features have the same coordinates in both images, then 
the remapping parameters used by the IPM are correct and reflect 
the current acquisition setup and road slope; 

(4) in case the features have different coordinates, a recalibration is 
required and the correct road slope must be computed. The new 
slope is measured from the coordinate differences and the IPM pa­
rameters are updated. 

In the following sections the whole technique will be described referring 
to synthetic images. Figures 4.39.a and 4.39.b show a pair of synthetic 
stereo images of a flat road, while figures 4.39.C and 4.39.d show their 
remapped versions. Thanks to a correct calibration and to the absence 
of any obstacle, the two remapped images are identical. On the contrary, 
when the calibration does not reflect the actual road slope (i.e. the flat road 
assumption is not met, as in figures 4.39.e and 4.39.f) the two remapped 
images differ, as shown in figures 4.39.g and 4.39.h. 

4.3.4.1 Extraction of features belonging to the road plane 

In order to refine the calibration, corresponding features belonging to the 
road plane must be extracted from both remapped images and their relative 
positions compared. The Obstacle Detection step is used to cut the portion 
of the images representing the obstacles. This process guarantees that the 
remaining features belong to the road plane. 

The feature extraction process is based on the localization of lane mark­
ings, since they belong to the road plane. This approach does not represent 
an overhead since this process is already carried out for the road following 
task (Lane Detection). 

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 2
60

1:
28

2:
70

0:
6b

90
:5

05
4:

63
cf

:a
8f

2:
87

b6
 o

n 
12

/2
2/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



112 Algorithms for Image Processing 

Fig. 4.39 (a) and (b) synthetic stereo images of a flat road, (c) and (d) their remapped 
versions; (e) and (f) synthetic stereo images of a non flat road, (g) and (h) their remapped 
versions. 

4.3.4.2 Determination of road slope 

The determination of road slope is based on the following assumptions: 

• the two stereo cameras are installed at the same height; 
• the roll angle of both cameras is null; 
• the results of the previous step represent homologous features be­

longing to the road plane. 

Figure 4.40 represents the vision system's setup and shows the projections 
on the 2 = 0 plane, with respect to the two cameras, of a generic point P of 
coordinates (x,y,z), with z ^ O . PR and PL represent the points to which 
the point P is remapped by the IPM transform. 

Called d the distance between LQ and Ro (the projections of the two 
cameras onto the z = 0 plane), 6 the distance between PR and PL, and h 
the height of the cameras with respect to the z = 0 plane, thanks to the 

A A 
geometrical similarity between triangles L L0 PL and P PQ PL and between 

A A 
triangles LPR and PLPPR, it follows 

2 = hih • ( 4 - 2 2> 
Since h and d are known, z can be determined by measuring 6. Therefore, 
analyzing the positions of pairs of homologous points in the remapped im-

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 2
60

1:
28

2:
70

0:
6b

90
:5

05
4:

63
cf

:a
8f

2:
87

b6
 o

n 
12

/2
2/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



The GOLD System 113 

Fig. 4.40 The determination of the height of a generic point P. 

ages it is possible to determine the coordinates of the point they represent 
in the 3D space. In particular, in case the two points have the same coordi­
nates (6 = 0), it follows that z = 0 (this happens for each point belonging 
to the lane markings when the road is flat). 

In this way it is possible to compute the "height" of each point rep­
resenting a road marking, i.e. its z coordinate. The series of these values 
yield the road slope ahead of the vehicle. 

Figure 4.41 shows the following: the remapped images obtained from 
a pair of synthetic stereo images representing a 2% road slant assuming a 
flat road, the extraction of the center line from both of them, their different 
position and a measurement of the road slope. 

4.3.4.3 System recalibration 

Although it is possible to compute the road slope ahead of the vehicle as 
a sequence of values representing the height of all lane marking points, 
the slope is approximated with a linear function. This approximation is 
computed as an average of these values. 
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Fig. 4.41 Determination of the road slope for a 2% slant: (a) and (b) remapped im­
ages; (c) and (d) extraction of the center line; (e) superimposition of the previous two 
images, showing the different position of the two center lines; (f) graphical output of the 
computed linear road slope. 

This average value will be used for the recalibration of the system as a 
correction to the cameras' tilt angle. The effectiveness of this approximation 
is now being tested on real images. 

4.3.4.4 Performance analysis 

In figure 4.42 the results of the application of the EIPM technique to a 
number of synthetic images are presented. The left remapped images before 
and after the recalibration step are shown with different values of the road 
slope (ranging from +5% to -5%). Thanks to the EIPM, the final remapped 
images represent the texture of the road without distortions. This proves 
that the system is able to extract the correct slope of the road. 

This extension possesses an advantage that does not rely on complex 
computations, and its computational overhead is limited to the match be­
tween a small number of coordinates and the correction of the calibration 
parameters. In fact, the extraction of features belonging to the road plane 
is already performed by the Lane Detection functionality, while the EIPM 
is only based on a further analysis of these results. 

4.3.5 Discussion 

The GOLD system was initially tested with images acquired by the stereo 
vision system which was installed on-board the experimental vehicle 
MOB-LAB. These tests allowed to analyze the system's performance and 
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Fig. 4.42 (a) images remapped with the IPM using the set of calibration parameters 
obtained assuming a flat road, (b) images remapped with the EIPM using the set of 
corrected parameters. This figure shows the behavior for different values of the road 
slope ranging from +5% to -5%. 

to detect its critical points. 
Since Obstacle Detection uses stereo vision, the quality of the results 

is also tightly coupled with the vision system's calibration. Nevertheless, 
since the final target of Obstacle Detection means determining free space 
in front of the vehicle and not is the complete 3D reconstruction of the 
world, camera calibration becomes less critical. For this reason, even if the 
vehicle's movements modify some of the calibration parameters (camera 
height h and inclination 9 with respect to the road plane), a dynamic recal-
ibration of the system is not required. For comparison purposes, ranging 
values for the cameras' height (h ± 10 cm) and inclination (8 ± 1°) higher 
than the ones estimated in [90] have been considered. Figures 4.43 and 4.44 
demonstrate the results of Obstacle Detection emulating the changes of the 
cameras parameters caused by vehicle movements. Thanks to the robust­
ness of the approach based on the polar histogram, the obstacle is always 
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Fig. 4.43 Obstacle Detection changing the inclination parameter: difference image and 
polar histogram for different values of the inclination parameter. 

Fig. 4.44 Obstacle Detection changing the height parameter: difference image and polar 
histogram for different values of the height parameter. 

detected even if the difference images are noisy. 
The major critical problems of Obstacle Detection are found when: 

the obstacle is too far from the cameras (this generally happens 
in the 45 4- 50 m range), in this manner the polar histogram 
presents only small and isolated peaks that can be hardly joined 
(figures 4.45.a, 4.45.b, and 4.45.c); however, this problem has never 
been detected when the obstacles' distance is in the 5 4 45 m range; 
the guard-rail is close to the obstacle and for this reason a single 
large obstacle is detected (figure 4.45.d); 
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Fig. 4.45 Situations in which Obstacle Detection is critical. 

• an obstacle is partially visible, and consequently only one of its 
edges can be detected (figures 4.45.d and 4.45.e); 

• some noisy peaks in the polar histogram are not filtered out, and 
they are therefore considered as small obstacles (figures 4.45.f and 
4.45.g); 

• the detection of far obstacles sometimes fails when their brightness 
is similar to the brightness of the road (figure 4.45.h). 

The confidence achieved in the detection of obstacles is obviously de­
pendent on their size, distance, and shape, and specific parameters are used 
to tune the system's sensitivity. 

Obstacle height 
The obstacle height determines the amplitude of peaks in the polar 
histogram. The bandwidth of the low pass filter applied to the polar 
histogram is the parameter used as threshold to discard small peaks 
that could be caused by either noise or short obstacles. The smaller 
the bandwidth, the lower the influence of noise (caused by incorrect 
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camera calibration or vehicle movements), but higher is the mini­
mum height of detectable obstacles (in figure 4.45.C and 4.45.d the 
guard-rail is detected even if it is not as tall as vehicles). 

Obstacle width 
In the polar histogram two or more peaks generated by the same 
obstacle are joined together when the ratio - j 1 is greater than a 
threshold. In the worst case (when the peaks are separated by 
deep valleys), the smaller the threshold, the larger is the width of 
the wider correctly detectable object, but higher is the probabil­
ity that peaks not generated by the same obstacle are joined (see 
figure 4.45.d). 

Obstacle distance 
The farther the obstacle, the smaller the portion of triangles de­
tectable in the difference image, and therefore the lower is the am­
plitude of peaks in the polar histogram. Nevertheless, for suffi­
ciently high obstacles (e.g. vehicles at about 50 m away from the 
cameras) the main problem is not the detection of peaks, but their 
joining, as shown in figure 4.45.a, 4.45.b, and 4.45.C. 

Obstacle shape 
The algorithm was designed to detect obstacles with quasi-verti­
cal edges. Objects with non-vertical edges (e.g. pyramidal objects) 
generate twisted triangles that are hardly detected through the 
analysis of the polar histogram. 

The presence of the ARGO vehicle at the Dipartimento di Ingegneria 
dell'Informazione, Universitd di Parma, enabled further tests of the GOLD 
system to be carried out. Since only a portion of the incoming image 
is analyzed, a different setup of the stereo cameras has been chosen on 
the ARGO vehicle compared to MOB-LAB, in order to both increase the 
resolution of the remapped image and solve the problems caused by framing 
a portion of a bright sky (see figure 4.46). Also the inter-camera spacing 
is a key parameter: the greater the distance between cameras, the stronger 
the disparities in the remapped images due to the presence of an obstacle. 
Unfortunately, large separations lead to a higher sensitivity towards vehicle 
movements, in particular rolling. 

During the tests, the system demonstrated to be robust and reliable: 
vehicles were always detected and only in a few cases (i.e. on paved or 
-more generally- rough roads) vehicle movements became so strong that 
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Fig. 4.46 (a) Setup of the vision system on the MOB-LAB vehicle; (b) setup of the 
vision system on the ARGO vehicle. 

the processing of noisy remapped images led to the erroneous detection of 
false small-sized obstacles. Nevertheless, since the vehicle movements have a 
high frequency, these small-sized obstacles only appear in a limited number 
of consecutive frames, and can be easily removed thanks to a temporal 
averaging filter. 

On the other hand, thanks to the remapping process, lane markings 
were located even in the presence of shadows or other artifacts on the road 
surface. Although it is hard to devise a method to evaluate the percentage 
of successful Lane Detection, some unofficial tests have shown that the 
system detects the correct position of the lane in about 95% of the situations 
considered; however, this result does not take into account an exhaustive 
set of road conditions. 

4.3.5.1 A cooperative approach 

This section presents an extension of the GOLD system able to exploit also 
temporal correlations and perform a deeper data-fusion between the two 
functionalities of Lane and Obstacle Detection. 

Once obstacles have been detected and localized, the knowledge of their 
position can be of great help to the Lane Detection module, as obstacles 
generally obstruct the visibility of road markings: the regions occluded by 
obstacles will not be considered while searching for road markings, con­
sequently decreasing noisy features that may disturb the retrieval of road 
geometry. 

Similarly, assuming the knowledge of the road geometry (namely the 
position of road markings within the image), and the precise position of 
obstacles, a pair of stereo images can be analyzed to validate the assumption 
of planarity regarding road surface. Furthermore, the stereo pair can be 
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Fig. 4.47 Block diagram of the cooperative approach: the left part depicts the data 
stream, while the right part shows the control flow of the algorithm. 
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used to calibrate the stereo system and adapt it to new road surfaces, such 
as hills, bridges, or non-planar highway ramps; the new model will replace 
the old one and will be used by both Obstacle and Lane Detection modules. 

These considerations led to the development of an integrated coopera­
tive approach in which the Obstacle and Lane Detection modules are trig­
gered off alternatively; each module exploits the results produced by the 
previous module and feeds the following one with its own results, therefore 
keeping an updated data structure describing the three dynamic parame­
ters: 

• obstacles position, 
• road geometry, 
• and road surface. 

This iterative process is initialized by hand when no obstacles are visible 
and the road in front of the vehicle is flat; the initialization phase is used to 
determine the acquisition system's calibration, i.e. the static parameters. 

More precisely, this integrated approach, depicted in figure 4.47, is de­
scribed as follows. 

System Calibration 
The system needs to be initialized under known conditions. Since the cali­
bration of the acquisition system consists in determining the angles formed 
by the two cameras' optical axes with vertical and horizontal directions, 
the geometry of the road surface in front of the vehicle must be known. 
Therefore the calibration is triggered by hand when the portion of the road 
visible by both cameras is flat and no obstacle is present. This phase takes 
30 -f 40 seconds, since an exhaustive search in the parameters' space is 
carried out [57]: each parameter (i.e. angles determining the cameras' ori­
entations) scans a given interval and for each parameters configuration the 
two remapped stereo images are computed according to a fiat road model. 
The set of parameters for which the two remapped stereo images present 
the minimum pixel-wise difference is chosen to be the correct cameras' cal­
ibration, which remains fixed for the whole run. 

Obstacle Detection 
Using the given road model and knowledge of the acquisition system pa­
rameters, obstacles are detected as discussed in section 4.3.3.2. 
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122 Algorithms for Image Processing 

Lane Detection 
The left image is processed as discussed in section 4.3.3.1 and the road 
geometry extracted. 

Road Model Update 
The results of the previous step indicates where lane markings are located 
or, in case of occlusions caused by obstacles, where they are expected to 
be. 

Assuming that the obstacles' position is known within the cameras field 
of view, the portion of lane markings that has been generated to over­
come occlusions can be discarded. Therefore the remaining part identifies 
features that belong to the road surface. These features are particularly 
important because they represent horizontal brightness transitions (lane 
markings) in the left remapped image and the search for correspondent pat­
terns in the right remapped image (on the same epipolar line [58]) allows 
to determine the height of the road markings with respect to the original 
2 = 0 plane used for calibration. 

Since lane markings belong to the road surface, this step is used to 
update the internal model of the road surface. The computation of the 
height of a rather large number of points that represent road markings, 
followed by a temporal average, permits filtering and compensating noise 
caused by sudden vehicle movements. On the other hand, the use of a focus 
of attention limited only to points that represent road markings, simplifies 
and speeds-up the processing.  D
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Chapter 5 

Hardware Support for 
Real-Time Image Processing 

This chapter contains the presentation of some architectural solutions for 
real-time image processing in automotive applications. 

Firstly the PAPRICA system -a massively parallel custom architecture 
specifically developed for real-time image processing- is described together 
with a specific hardware support for the removal of the perspective ef­
fect; then its main bottlenecks are highlighted and a new architecture, 
PAPRICA-3, is presented. After the description of the hardware system, 
the implementation of the main steps for Obstacle Detection is discussed. 

Finally, the evolution towards a general-purpose commercial platform 
-Intel Pentium with MMX technology- is motivated and the implementa­
tions of Lane Detection and Obstacle Detection algorithms on the different 
architectures are presented, compared, and analyzed. 

The chapter ends with some remarks about architectural trends in the 
field of image processing and, in particular, for automotive applications. 

5.1 The PAPRICA Architecture 

This section presents the PAPRICA (PArallel PRocessor for Image Check­
ing and Analysis) architecture jointly developed by the Dipartimento di 
Ingegneria dell'Informazione, Universitd di Parma and the Dipartimento 
di Elettronica, Politecnico di Torino. 

123 
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5.1.1 Architectural issues 

In the field of image processing for automotive applications, the response 
time of the system is a major critical point, since it affects directly the max­
imum speed allowed for the vehicle, and therefore the choice of the com­
puting architecture is a key design issue. At the beginning of the project 
the performance of commercial systems was too low to allow real-time im­
age processing. Therefore a lot of special-purpose solutions were designed 
and built, most of which were based on massively parallel architectures 
composed of a large number of relatively slow-clocked Processing Elements 
(PEs). This choice was originally motivated by the consideration made re­
garding power consumption: the power consumption of dynamic systems, 
in fact, can be considered proportional to CfV2, where C represents the 
capacitance of the circuit, / is the clock frequency, and V is the voltage 
swing. Power can be saved in three different ways [59], minimizing C, / , 
and V respectively: 

(1) using a greater level of VLSI integration, thus reducing the capac­
itance C; 

(2) trading computer speed (with a lower clock frequency / ) for lower 
power consumption (already implemented on many portable PCs); 

(3) reducing the supply voltage VDD-

Different technological solutions have been exploited to reduce the IC 
supply voltage, but unfortunately there is a speed penalty to pay for this 
reduction. For a CMOS gate [136], the device delay Td (following a first 
order approximation) is proportional to ^i2 ^ which demonstrates 

{VDD - VT) 
that the reduction of VDD determines a quasi-linear increment (up to the 
device threshold value VT) of the circuit delay Tj. On the other hand, 
the reduction of VDD determines a quadratic reduction of the power con­
sumption. Therefore, for power saving reasons, it is desirable to operate 
at the lowest possible speed, but, in order to maintain the overall system 
performance, compensation for these increased delays is required. 

The use of a low power supply voltage is investigated in [31,38], where 
different architectural solutions are considered in order to overcome the un-
desired side effects caused by the reduction of VDD- The reduction of power 
consumption, while maintaining computational power, can be reached by 
the use of low cost SIMD computer architectures, formed by a large number 
of extremely simple and relatively slow-clocked PEs. These systems, using 
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slower device speeds, provide an effective mechanism to trade power con­
sumption for the silicon area, while maintaining the computational power 
unchanged. The 4 major drawbacks of this approach are: 

(1) a solution based on hardware replication increases the silicon area, 
and it is therefore not suited for extremely area-constrained designs; 

(2) parallelism must be accompanied by extra-routing, requiring extra-
power; this issue must be carefully considered and optimized; 

(3) the use of parallel computer architectures involves the redesign of 
the algorithms with a different computational model; 

(4) since the number of processing units must be high, if the system 
has size constraints the PEs must be extremely simple, performing 
only simple basic operations. 

On the other hand, besides sufficient computational power, the features 
that allow the integration and efficient use of a computer system on board 
a moving vehicle are: (i) low production cost, (ii) low operative cost, and 
(hi) small physical size. 

5.1.2 Hardware system description 

The PAPRICA system [23] is a low-cost special-purpose massively parallel 
architecture composed of 256 PEs working in SIMD fashion. It was devel­
oped following the above requirements and its design dates back to 1990. 
The Processing Array (PA) is composed of an array of 4 x 4 full custom ICs 
(1.5 /im CMOS, 45 mm2, ~ 35,000 transistors), each of them containing a 
sub-array of 4 x 4 PEs. The PA is a 16 x 16 square matrix of 1-bit PEs 
each one with a total 8-neighbors connectivity [60,106,123]; each PE has 
an internal memory composed of 64 bits; and data flow between the Image 
Memory and the PA through a 16-bit data bus. The PAPRICA coprocessor 
is integrated on a single VME board (6U) connected to a SPARC-based host 
workstation. It is comprised of 5 major functional parts: Program Mem­
ory, storing up to 256k instructions; Image Memory (IM, up to 8 Mbyte of 
static RAM), whose 16-bit memory fetch time is 150 ns; Processor Array, 
whose PE cycle time is 250 ns; Camera Interface, able to acquire stereo 
images and display temporary results on an external monitor at video rate 
(25 frames/s or 50 fields/s); and a Control Unit, managing the activity of 
the whole system. 

Generally in image processing applications, the number of PEs is far 
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126 Hardware Support for Real-Time Image Processing 

smaller than the number of image pixels, therefore requiring the virtual-
ization of the PA. This is done utilizing an external Image Memory [106, 
123,132]: the PA is loaded from the external memory with a sub-window 
of the data set; then the computation is performed until a special instruc­
tion is reached; finally, the results are stored back again into the external 
memory. These steps are iterated until all the sub-windows have been pro­
cessed. Then the first sub-window is reloaded again into the PA and the 
computation is resumed. 

A number of features are integrated into the PAPPJCA system for the 
efficient implementation of the driving assistance functions. These are: 
the morphological processing paradigm, which is fundamental for low-level 
processing; the hardware support for pyramidal vision tasks; the direct 
integration of an image acquisition device; and the hardware support for a 
fast image remapping. 

5.1.2.1 Morphological processing 

The PAPRICA instruction set is comprised of two kinds of operations: 
graphical and logical. Graphical operators derive from mathematical mor­
phology [70,135], which is a bit-map approach to image processing based 
on set theory. For each pixel, the input to the graphical operator comes 
from one bit-plane of the pixel itself and from the same bit-plane of its eight 
surrounding neighbors: the output value depends on the particular mor­
phological operator. Operators are provided to perform: inversion, shift 
in the four main directions, global, vertical, and horizontal dilation and 
erosion, and border extraction. The result of the graphical operator is then 
either stored in a destination bit-plane or used as the first operand of the 
following logical operation. 

Sources of the logical operator are the result of the graphical operator 
(the central pixel itself, if no operation was performed) and the value of 
a second bit-plane of the same pixel. The most common operators (NOT, 
AND, OR, EXOR) are provided; in addition, the instruction set comprises a 
sum operator allowing multi-bit computations. 

5.1.2.2 Support for pyramidal vision 

Pyramidal architectures have shown several advantages in the field of im­
age processing [27,129,144]. One major drawback of such architectures is 
that they are not easily scalable beyond a certain size, because interconnec-
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tions amongst processors have an intrinsic 3D structure which cannot be 
easily mapped onto a 2D silicon surface. Thanks to the specific processor 
virtualization mechanism, PAPRICA system allows the implementation of 
multi-resolution algorithms with no dedicated hardware interconnections. 

5.1.2.3 The camera interface 

A major critical point of the first PAPRICA prototype was the time re­
quired to acquire and display images since no direct camera interface was 
present. This bottleneck has been removed by integrating the image ac­
quisition device directly on board. This allows both grabbing and direct 
storing of pairs of grey-tone (8 bit/pixel) stereo images into PAPRICA im­
age memory and to display the contents of the image memory on a monitor 
at video rate in two formats: 512 x 512 pixel @ 25 Hz, corresponding to full 
frames, and 512 x 256 pixel @ 50 Hz, corresponding to single fields (even 
or odd). 

5.1.2.4 Data remapping support 

A communication is defined to be global when the destination coordinates 
within the image are different for every source pixel. With a 2D mesh inter­
connection topology it is impossible to perform global communications di­
rectly (and efficiently). The PAPRICA system includes a specific hardware 
mechanism that allows the global movement of the image pixels without 
any constraints on the final destination. 

An address image is loaded into the Image Memory and treated as a 
look-up-table; each pixel contains a pointer to a memory location where the 
source value for that pixel resides. A dedicated serial device, implemented in 
the same FPGA integrating PAPRICA controller, scans the address image 
and creates the new remapped image, whose pixel values are determined 
by an indirect addressing. 

The remapping process takes three 50 ns clock cycles per pixel giving a 
total of about 3 ms to remap a 128 x 128 image. This device is fundamen­
tally important for the transformation described in section 4.3.1 and for its 
applications described in section 4.3.3. 
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5.2 Critical Analysis of the PAPRICA Architecture 

The availability of the first PAPRICA prototype allowed the carrying out 
of performance measures and a critical analysis of the whole system. The 
most important bottlenecks were identified and their possible solutions con­
sidered. 

In the following section, the main problems observed are discussed in 
detail. The first one, specific to massively parallel architectures, refers to 
processor virtualization and to the physical allocation of the memory; the 
second one is related to the I/O limitation; finally, the external architecture 
of the PEs is also discussed. 

5.2.1 Memory organization and processor virtualization 

The limitation existing for the amount of internal memory (64 bits) of each 
PE is the main bottleneck regarding performance for two basic reasons. 

• It is not possible to store internally a large amount of intermediate 
results, as it is often needed by computation intensive problems, 
therefore requiring I/O operations to store the intermediate data 
externally. 

• It is not possible to implement the well-known virtualization mech­
anism adopted by the other parallel architectures like the Con­
nection Machine CM-2 [145], where the computation is serialized 
within each processor (whose memory contains data belonging to 
several pixels). 

Whereas the first problem is a real limitation, the latter can be solved 
using the virtualization mechanism described in section 5.1.2, which, on the 
other hand, offers some specific advantages. The PAPRICA virtualization 
mechanism is less efficient than the one implemented on the CM-2 in terms 
of speed since it requires a lot of accesses to an external memory, but it 
offers the possibility to simulate a pyramidal structure [144] on the 2D mesh 
without any other hardware modification, and to implement a kind of focus 
of attention [107,159]. 

Pyramidal emulation: the PAPRICA image memory can be rearranged 
run-time using special instructions, which set the image height, 
width and depth. Moreover, it is possible to take advantage of 
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the fact that for each parallel computation 2Q2 (where Q is the 
size of the PA) sequential accesses to the IM are required to fetch 
and store back the data in a useful way. In fact, the data to be 
transferred into the PA may be not logically adjacent to each other 
in the IM, allowing to undersample the image or to increase its 
resolution. This behavior is controlled by a set of registers which 
can be altered run-time. The possibility to reduce and increase the 
image dimensions allows a very efficient use of PAPRICA architec­
ture as a pyramid. Moreover, some simple software algorithms also 
allow to simulate any kind of pyramidal interconnections between 
the different pyramid layers. 

Focus of attention: An additional 64-bit register and simple logics allow 
each sub-window elaboration to be performed conditionally to one 
or more bits of the register. The implementation of this hardware 
extension does not involve major changes in the existing controller, 
since it is programmed on a XILINX module. The efficient im­
plementation of this sort of multiple focus of attention is possible 
thanks to the PAPRICA PE virtualization mechanism. The trig­
gering idea is based on the consideration that sometimes, after the 
loading of an image sub-window into the PA, the elaboration may 
be useless, and therefore the operation of storing back the results 
into the image memory may not be required. The choice whether 
to perform the elaboration or not depends on the characteristics of 
the complete set of data loaded into the PA internal registers. 

5.2.2 I/O problems 

The data transfer between the image memory and the processing array 
in the present version takes place on a common 16-bit data bus. The 
addressing mechanism is such that a bus cycle selects a single PE to read 
or write a block of 16 bits belonging to the same pixel. This solution was 
chosen in the early stage of the design to simplify the architecture of the 
processing array chip, but it has proven to be somewhat inefficient. In fact, 
due to the windowing mechanism, in order to process a block of instructions 
it is always necessary to previously load the PEs with data from an image 
sub-window and to store them back after processing. Both data transfers 
have to be carried out on blocks of 16 image planes, while in many cases 
(almost all the practical ones) the number of necessary input and output 
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130 Hardware Support for Real-Time Image Processing 

planes is not a multiple of 16. This means that a significant amount of time 
is wasted transferring unnecessary data back and forth from the IM. 

The efficiency of the system can then be improved changing the address­
ing mechanism to allow an access by image plane instead of the present one: 
a bus cycle will then transfer 16 bits belonging to the same image plane 
from/to 16 different PEs. It has to be noted however that it is difficult to 
implement this transfer method with the present architecture: in fact, the 
sub-windows of the image are not a multiple of 16 bits if graphic operators 
have to be processed. This means that, to maintain consistency, the con­
troller has to shift and merge data from different locations during loading 
and storing operations. The added delay would reduce consistently what is 
gained by optimizing data organization. 

5.2.3 Instruction set 

The PAPRICA computational paradigm is based on the concept of the 
matching operator, derived from the hit-miss transform described in [135]. 
This is a rather general approach which includes the other morphological 
operators as special cases. PAPRICA can perform matching operations us­
ing a fixed set of structuring elements, which form the array instruction set. 
This instruction set can implement any structuring element using simple 
compositions following the mathematical morphology algebra. 

PAPRICA has been conceived as a CISC processor. Subsequently, the 
evaluation of the possible applications of PAPRICA has led to the consid­
eration that the instruction set should evolve towards a RISC implementa­
tion, allowing the execution of a minimum set of simple operations, such as 
translations of binary layers and logic operations between layers. Since the 
complexity of the instruction set determines the PE size, the RISC choice 
allows the integration of a higher number of PEs on a single chip. 

Furthermore, the possibility to enlarge the neighborhood involved in 
morphological operations has been investigated. With a relatively small 
PA, the execution of a large number of consecutive morphological operators 
requires a lot of I/O transfers (since there is a high overlapping between the 
sub-windows), decreasing the computational speed. With the increment 
of the PA size, long sequences of graphic operators become feasible. On 
the other hand, the hardware complexity required to implement a larger 
neighborhood would increase the performance by a negligible amount. The 
RISC approach, implementing complex instructions as sequences of simple 
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ones, only increases the length of the program and not its complexity. 

5.2.4 Architectural evolution 

Since the first prototype implementation, the PAPRICA system has under­
gone a series of revision stages and a thorough investigation of a number 
of architectural modifications to overcome the previously described limita­
tions. Basically the feasibility studies have outlined three main possible 
solutions which will be briefly described in this section. 

• The first solution is to maintain the same architecture of the original 
prototype and increase the size of the array, taking advantage of 
the technological evolution and of the possible optimizations in the 
chip layout. If the size becomes of the same order of magnitude of 
the images to be processed, the loading/unloading overhead due to 
the overlapping of windows required by the use of morphological 
operators would be reduced. 

• The second one is to increase the addressing space of each elemen­
tary processor by the use of external memory elements. This choice 
logically simplifies the processor virtualization mechanism but lim­
its the array size and presents additional implementation problems 
due to morphological operators. 

• The third type is to change the physical interconnection topology 
of the processing elements from a two-dimensional mesh to a linear 
array moving from a window-ba,sed to a scan/me-based processor 
virtualization. 

The problems encountered when trying to increase the system's perfor­
mance, as exposed in the previous sections, are mainly due to the processor 
virtualization mechanism: it is always necessary to divide the image into 
sub-windows and, in order to execute morphological operators, it is neces­
sary to know the contents of the pixels at the border of the sub-windows. 

This problem is simplified if one of the image dimensions can be entirely 
loaded into the array, because in this case it is only necessary to scan the 
image in the other dimension. This is the basic reason which triggered the 
idea of investigating a new architecture based on a linear array of PEs, 
big enough to process a complete image line in one iteration [132]. The 
linear architecture also matches better the applications in real-time vision 
systems, where processing speed and data latency are the most critical 
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factors. Such systems have several characteristics that have to be considered 
to optimize the low-level processor: 

• data arrives serially from a sensor which generally scans the image 
by rows, so data becomes available one row at a time; 

• image dimensions are fixed and dictated by the resolution of the 
sensor; 

• the results of low-level processing must be further elaborated by 
other stages managing higher level tasks. 

In this environment, a one-dimensional array is the best solution to mini­
mize data latency, because a row can be processed as soon as it is acquired 
from the sensor. Furthermore, the image width in such systems normally 
ranges from 128 to 1024 pixels, making it perfectly possible to match the 
width of the array to that of the image. 

The proposed linear topology is implemented in the PAPRICA-3 archi­
tecture discussed in the next section. 

5.3 The PAPRICA-3 Architecture 

The PAPRICA-3 architecture, jointly developed by the research units of 
the Politecnico di Torino and Universita di Parma, is a real-time hardware 
accelerator for low-level image processing applications. 

The PAPRICA-3 system, designed to be interfaced with a conventional 
microprocessor, is able to capture a serial input data stream coming from 
an external camera (or pair of stereo cameras), process it in parallel on a 
line-by-line basis, and store the resulting images either onto a dedicated 
dual-port memory, also accessible from the conventional processor, or onto 
a monitor. 

The heart of PAPRICA-3 consists of a SIMD linear array of PEs, each 
one devoted to a single line pixel. Each PE can perform logical or morpho­
logical operations on an input pixel. Logical operations compute a one-bit 
result depending on values stored on different image planes of the same 
pixel, while morphological operations evaluate a one-bit result based on 
the values stored in the neighboring pixels on a single image plane. 

The execution unit, which is common to the whole processor array, con­
trols program flow and can perform tests, branches, conditional execution 
of program segments, loops, and synchronization statements. To speed up 
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program execution, a fairly complicated pipeline scheme has been adopted 
to exploit as much instruction level parallelism as possible. The program is 
completely stored in an internal program memory (512 instructions wide) 
writable from the external processor, so there is no need for internal cache 
memory. 

A Status Register File can be used to compute and store global pa­
rameters of the processed images, such as statistics or degrees of matching 
between an input and reference images. It is accessible to the external pro­
cessor and is aimed at increasing the execution speed of a broad class of 
neural algorithms. 

PAPRICA-3 is a modular system. Each chip is composed of 32 PEs, a 
generic I/O video interface and does not include any internal image memory. 
Instead, the chip has a fast interface towards an external image memory 
and a Status Register File, in order to achieve two goals: connecting several 
chips together, it is possible to create a system with a varying number of 
PEs; an external but fast image memory will not decrease the performance 
too much compared with an internal memory, but the amount of memory 
can be much higher, to cope with memory demanding applications. 

A programming environment has been developed to ease the prototyp­
ing of applications on PAPRICA-3. Application programs are written in 
C+ + ; a code generator first converts C++ statements into assembly code; 
subsequently, optimization is performed on the generated assembly code. 
The optimizer performs both deterministic optimizations following both 
standard, well known techniques as well as stochastic ones to improve the 
performance of the pipeline structure and take advantage of the intrinsic 
instructions parallelism. 

A detailed description of PAPRICA-3's programming environment can 
be found in appendix B. 

5.3.1 Hardware system description 

As shown in figure 5.1, the heart of PAPRICA-3 is a linear array of Q 
identical 1-bit PEs connected to an image memory via a bidirectional 
Q-bit wide bus. The image memory is organized in addressable words 
whose length matches that of the processor array; each word contains data 
relative to one binary pixel plane (also called layer) of one line of an image 
(Q-bit wide), and a single cycle is needed to load an entire line of data into 
the PE's internal registers. When executing a program, the correspondence 
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134 Hardware Support for Real-Time Image Processing 

Fig. 5.1 General architecture of the Processor Array. 

between the line number and the pixel plane of a given image and the ab­
solute line address is computed in hardware by means of data structures, 
named Image Descriptors, stored in the Control Unit. An Image Descriptor 
is a memory pointer built up of three parts: a base address, a line counter 
and a page counter. Line and page counters can be reset or incremented 
by a specified amount under program control. Two counters, called M and 
N, are not directly related to image memory addressing, but can be used 
to modify program flow: instructions are provided to preset, increment and 
test them. 

Data is transferred into the internal registers of each PE, then processed 
and explicitly stored back into memory according to a RISC-like processing 
paradigm. 

Each PE processes one pixel of each line and is composed of a Register 
File and a 1-bit Execution Unit. The core of the instruction set is based 
on morphological operators: for each processor, the result of an operation 
depends on the value of pixels in a given neighborhood (reduced 5 x 5 , 
as sketched by the grey squares in figure 5.1). Data from E, EE, W and 
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WW directions (where EE and WW denote pixels two bits apart in E and 
W directions) may be obtained through the direct connection with neigh­
boring PEs whilst all other directions correspond to data from previous 
lines (N, NE, NW, NN) or from subsequent lines (S, SE, SW, SS). Opera­
tions on larger neighborhoods can be decomposed [3] using chains of basic 
operations. 

To obtain the outlined neighborhood, a number of internal registers 
(16, at present), called Morphological Registers (MOR), are used. They 
have a structure which is more complex than that of a simple memory 
cell, and are actually composed of five 1-bit cells with a S-*N shift register 
connection. When a load operation from memory is performed, all data is 
shifted northwards by one position and the south-most position is taken by 
the new line from memory. In this way, data from a 5 x 5 neighborhood is 
available inside the array for each PE, at the expense of a two lines latency. 
A second set of registers (48, at present), called Logical Registers (LOR), 
are only 1-bit wide. On LORs and on the central bit of MORs it is possible 
to perform a different portion of the instruction set, which comprises logical 
and algebraic operations. 

An important characteristic of the system is the integration of a serial-
to-parallel I/O device, called Video Interface (VIF), which can be connected 
to a conventional input imaging device (camera, linear array) and/or to a 
monitor. The interface is composed of an 8-bit Q-stage shift register which 
serially and asynchronously loads/stores a new line of the input/output 
image during the processing of the previous/next line. Two instructions 
enable the bidirectional transfer between the PE's internal registers and the 
VIF, also ensuring proper synchronization with the camera and monitor. 

Image processing algorithms consist of sequences of low-level steps, such 
as filters, convolutions, etc., to be performed line by line over the whole 
image. This means that the same block of instructions has to be repeated 
many times, and instruction fetching from an external memory is an impor­
tant source of overhead. Therefore, each block of instructions is pre-loaded 
into an internal memory, named Writable Control Store (WCS, 512 words 
of 32 bits each), and instructions are fetched from there. In this way it is 
possible to obtain the performance of a fast cache with a hit ratio close to 
1, at a fraction of the cost and complexity. 

Two inter-processor communication mechanisms are also available to 
exchange information amongst PEs, which are not directly connected. The 
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first one is called the Status Evaluation Network (SEN), shown in figure 5.2, 
to which each processor sends the contents of one of its registers (selectable 
under program control) and which provides a Status Word divided into two 
subfields. The first one is composed of two global flags, named SET and 
RESET, which are true when the contents of the specified register are all 
1 or all 0, respectively. The second subfield is the COUNT field which 
is set equal to the number of PEs in which the content of the specified 
register is 1. This global information may be accumulated and stored into 
the Status Register File and used to conditionally modify the program flow. 
As an alternative, it may be reloaded into the PE's Register File for further 
processing. 

Fig. 5.2 The Status Evaluation Network. 

The second communication mechanism is called the Inter-processor Com­
munication Network (ICN), shown in figure 5.3, which allows global and 
multiple communication amongst clusters of PEs. The topology of the com­
munication network may be varied during program execution. In fact, each 
PE drives a switch that enables or disables the connection between pairs 
of adjacent processors. Therefore, the PEs may be dynamically grouped 
into clusters, each PE can broadcast a register value to the whole cluster 
within a single instruction. This feature can be very useful in algorithms 
involving seed-propagation techniques, and in the emulation of pyramidal 
(hierarchical) processing. 
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Fig. 5.3 The Interprocessor Communication Network. 

5.3.2 Obstacle Detection on PAPRICA-3 

This section describes how the Obstacle Detection algorithm presented 
in section 4.3.3.2 has been redesigned to exploit the line-wise processing 
paradigm of PAPRICA-3. 

Since the geometrical transform used to remove the perspective effect 
requires the execution of complex data transfers between non-adjacent pix­
els, its implementation on PAPRICA-3 would suffer from low efficiency. 
Therefore only one image (the right one) is processed using a different ge­
ometrical transform: instead of removing the perspective effect, the right 
image is warped onto the left one. Assuming all the acquisition parameters 
known and a flat road in front of the vehicle, this warping produces a new 
image (warped image) that represents the scene as framed from the position 
of the other camera. If the flat road hypothesis is not met, the left and 
warped images differ. Since the following processing steps are simplified 
when the image to be processed is remapped in the road domain, the per­
spective effect is then removed from a binarized version of the difference 
image (1 bit deep). The analysis of this result leads to the determination 
of free space in front of the vehicle. 

The advantage of this approach (summarized in figure 5.4.b) are the 
following: 

• the warping of the right image can be approximately performed 
by a set of line shifts which match one of the PAPRICA-3's basic 
features; 

• the removal of the perspective effect is only performed on one binary 
image (difference image) instead of two 8 bit deep grey level images 
(left and right images). 

Figure 5.5 shows the sequence of images generated by this algorithm. 
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Fig. 5.4 The difference between (a) the original algorithm and (6) its PAPRICA-3 
version. 

Fig. 5.5 Low-level Obstacle Detection on PAPRICA-3: (a) and (b) left and right ac­
quired images, (c) right image warped onto the left one, (d) thresholded difference image, 
(e) difference image remapped onto the road plane. 
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5.3.2.1 Image warping 

This section describes the warping procedure, namely the geometrical trans­
form that, starting from the right image produces a new image representing 
the road region in front of the vehicle as if it were observed from the left 
camera. 

Fig. 5.6 The geometry of the stereo vision system. 

The application of this transform requires knowledge of the following 
parameters (see figure 5.6): 

(1) the height h and distance d of the two cameras; 
(2) the viewing directions: for each camera the optical axis 6 is deter­

mined by the following angles: 7, the angle formed by the projec­
tion (defined by versor 77) of the optical axis 6 on the plane z = 0 
and the x axis; and 8, the angle formed by the optical axis 6 and 
versor 17; 

(3) the cameras angular aperture 2a; 
(4) the cameras resolution n x n. 

Considering 6L = 6R = 6, the relationship between the coordinates 
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(UR,VR) in the right image and the coordinates (UL,VL) in the left image 
is given by: 

{ UR « uL 

VR * vL + ^{jL-iR-it^[(e-a)+uL^j}}= . 
= vL + f{uL) 

(5.1) 
The procedure defined by equation (5.1) produces a left view of the road 

scene starting from the right view. From the analysis of equation (5.1) it is 
visible that the warped image can be obtained by simply translating each 
line of the right image and that the amount of the translation depends on 
the row number. 

Assuming a flat road and no obstacles in front of the vehicle, the left 
image and the warped one represent the same texture. Any difference be­
tween these two images (see figure 5.5.d) represents a deviation from the 
assumption of flat road, and therefore identifies an obstacle, i.e. anything 
rising up from the road surface. The following high-level Obstacle Detec­
tion process is therefore based on the analysis of the difference image, as 
described in section 4.3.3.2. 

Parallel Implementation on PAPRICA-3 
Since the warping procedure consists of an east line shift operation, it can 
be efficiently performed by PAPRICA-3 which is based on a linear array of 
PEs whose length matches the image width. Each PE obtains data thanks 
to a direct connection to its WEST and WEST WEST neighbors. 

Thanks to the knowledge of the acquisition system setup, obtained by 
means of a calibration phase, the shift values for each image line are known 
at compile time and have been hardcoded into the PAPRICA-3 program, 
therefore leading to an execution time of about 0.2 ms for a 128 x 128 pixel 
8-bit image. 

5.3.2.2 Inverse Perspective Mapping on PAPRICA-3 

After determining the disparities between the warped and left image, the 
resulting image is binarized and remapped in the road domain. The remap­
ping process is accomplished by applying the Inverse Perspective Mapping 
transform discussed in section 4.3.1. The implementation of this transform 
requires the movement of pixels to/from arbitrary positions within the same 

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 2
60

1:
28

2:
70

0:
6b

90
:5

05
4:

63
cf

:a
8f

2:
87

b6
 o

n 
12

/2
2/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



The PAPRICA-3 Architecture 141 

image line; moreover, the value of some pixels may be duplicated and sent 
to more than one new position, while the values of other pixels may be 
discarded. Fortunately, these movements, directly derived from the setup 
of the acquisition system, are completely known at compile-time and can 
be therefore hardcoded into the program. This fact eases the development 
of a parallel version of this transform, as discussed in appendix C. 

In the PAPRICA-3 implementation, a single cycle of simultaneous com­
munications requires the execution of about 30 Assembly instructions. Since 
PAPRICA-3's internal structure is based on a fairly complex pipeline, a spe­
cific ordering of the assembly instructions (using an instruction scheduling 
technique [121]) has been considered, using both traditional techniques [2] 
and the stochastic code optimizer discussed in appendix B. In the worst 
situation, depending on the specific set of compatible communications, the 
PAPRICA-3 system takes about 200 ns for the execution of a single set of 
binary communications. 

In the remapping of a 128 x 128 pixel image, as shown in figure 5.7, 
a maximum of 19 cycles per line is required. Every single image line is 
therefore remapped in less than ~ 4 /J,S, thus the total time required to 
remap a 128 x 128 pixel binary image is about 0.5 ms. 

Fig. 5.7 The number of communication cycles required to remap a 128-pixel line as a 
function of the image lines' position in the remapped image. In the first phase (a) the 
original image lines are heavily oversampled, and the number of communication cycles 
remain almost constant; it is reduced to a minimum when (b) an almost 1:1 mapping is 
performed; and it grows up again in the undersampling phase (c); finally it is reduced 
to zero in the lowest undefined region (dj. For clarity an 8 bit deep remapped image is 
shown. 
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5.4 The MMX Technology 

In this section a description is given of MMX (Multi Media extensions or 
Matrix Math extensions) features [75] and programming techniques [74]. 

MMX technology has been designed to enhance the performance of ad­
vanced media and communication applications. Current general-purpose 
processors have been enhanced with new features explicitly dedicated to 
the efficient handling of multimedia (audio and video) data. In order to ex­
ploit the high intrinsic spatial parallelism of low-level image processing, an 
SIMD solution has been adopted, processing multiple elements in parallel 
using a single instruction. 

MMX technology provides new features to the Intel processors' family 
but, at the same time, maintains backward compatibility with all non-MMX 
operating systems and applications developed for the Intel platform [19,75]. 

Basically the MMX extensions provide the programmers with the fol­
lowing new features: 

• eight new registers (MMX registers); 
• four new data types; 
• two different arithmetics; 
• new instructions. 

MMX technology had a strong impact on applications based on the 
real-time processing of images. For this reason, an MMX-based system was 
considered as a new alternative platform for automotive applications. In 
particular, the low-level portion of the processing aimed at the detection 
of obstacles in the GOLD system was implemented exploiting the MMX 
features available on the Intel Pentium family processors [74,75]. This new 
implementation has been integrated into the GOLD system as a software 
module, which can be alternatively selected instead of the traditional scalar 
module for the localization of obstacles. 

The main characteristics that were considered in this new implementa­
tion are: 

• the processing of multiple data according to an SIMD computa­
tional model (data parallelism), and the use of a specific instruction 
set dedicated to image processing; 

• the careful exploitation of the instruction level parallelism of the 
code and the use of the two internal pipelines; 
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• the reduction of the amount of data in order to fit into the internal 
processor cache. 

Unfortunately, up to now, no compiler is able to handle the new in­
structions working on MMX registers, nor to automatically perform the 
parallelization of the code. Therefore, the complete code has been directly 
written in Assembly language and its performance analyzed and optimized 
thanks to the use of a Pentium simulator at the hardware level [75]. Nev­
ertheless, this hard and time-consuming task has been rewarded with an 
enormous processing speed-up: the new MMX-based code runs about 26 
times faster than its scalar C version. 

5.4.1 MMX optimization issues 

Major performance gains can be attained with the fastest algorithms and 
the most efficient data structures, so every code optimization attempt 
should start at the highest level of abstraction, focusing on more stream­
lined procedures. Low level code optimization must be used when the 
algorithms are fully tested, and high-level optimizations can no longer be 
applied. Since low-level optimizations generally produce code that cannot 
be easily modified or reused, an efficient implementation of slow code will 
run slower than an unoptimized implementation of fast code: low-level op­
timizations can -at most- double the performance of a program, while a 
better algorithm might make it one order of magnitude faster. MMX cod­
ing currently implies the use of Assembly language, therefore very low-level 
coding techniques are needed. This discussion is focused on strategies that 
can easily be implemented and guarantee the highest performance payoff. 

Data alignment: a misaligned access in the data cache or on the bus costs 
at least three extra clock cycles on the Pentium processor. Given 
that an aligned memory access might only take 1 cycle to execute 
(assuming a LI cache hit), this is a major performance penalty. 
An 8-byte datum should be aligned on an 8-byte boundary. Un­
fortunately, modern operating systems allocate memory on 4 byte 
boundaries, so that only an average of 50% of all allocated blocks 
will usually be aligned. This can be fixed by recoding the memory 
allocator with a user-defined procedure that aligns the allocated 
block on 8 byte boundary. If the code pushes MMX registers into 

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 2
60

1:
28

2:
70

0:
6b

90
:5

05
4:

63
cf

:a
8f

2:
87

b6
 o

n 
12

/2
2/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



144 Hardware Support for Real-Time Image Processing 

Table 5.1 Number of functional units and their accessibility from the U and V-pipes. 

Operation Units Latency Throughput Execut ion Pipes 
ALU 2 1 U and V 

Multiplexer 1 3 U or V 
Shift/pack/unpack 1 1 U or V 

Memory access 1 1 U only 
Integer register access 1 1 U only 

the stack, it is necessary to replace the entry and exit code of the 
procedure to ensure that the stack pointer is aligned too. Some 
code snippets can be found in [74]. 
Data alignment is critical when writing memory-bounded MMX 
code: the execution speed can be boosted by more than 30% by 
using an efficient memory allocator. 

Instruction pairing: the Pentium processor is an advanced superscalar 
processor: it is built around two general-purpose integer pipelines 
and a pipelined floating-point unit, allowing the processor to exe­
cute two integer instructions simultaneously. The Pentium proces­
sor can issue two instructions every clock cycle, one in each pipe. 
The first logical pipe is referred to as the U-pipe, and the second as 
the V-pipe. During decoding of any given instruction, the next two 
instructions are checked, and, if possible, they are issued such that 
the first one executes in the U-pipe and the second in the V-pipe. If 
it is not possible to issue two instructions, then the next instruction 
is issued to the U-pipe and no instruction is issued to the V-pipe. 
Therefore the execution of two MMX instructions in a single clock 
cycle might double the performance of the code by keeping both 
pipes busy. Unfortunately, this is not always possible: i.e. two shift 
instructions cannot be allocated on the same clock cycle. In addi­
tion not all instructions can be routed to both pipes indifferently: 
table 5.1 shows the number of functional units and whether they 
are addressable from the U or the V-pipe. 

• Two MMX instructions which both use the MMX shifter unit 
(pack, unpack, and sh i f t instructions) cannot be paired to­
gether since there is only one MMX shifter unit, although they 
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may be issued in either the U- or V-pipe. 
• Two MMX instructions which both use the MMX multiplier 

unit (pmull, pmulh, pmadd type instructions) cannot be paired 
together since there is only one MMX multiplier unit. Multi­
ply operations may be issued in either the U- or V-pipe but 
not in both during the same clock cycle. 

• MMX instructions which access either memory or the integer 
register file can be issued in the U-pipe only. Their scheduling 
in the V-pipe causes a wait and swap to the U-pipe. 

In addition, the traditional dependency rules apply, i.e. the desti­
nation register of an instruction issued in a pipe should not match 
the source or destination register of the instructions issued in the 
other pipe. 

5.4.1.1 Tuning MMX code: an example 

This section presents an example of a technique, called Loop In­
terleaving, heavily exploited in the optimization of MMX code for 
Obstacle Detection. MMX code usually consists of a short loop 
iterated many times over an array of data. Often there is no rela­
tionship between two iterations of the same loop, so the output of 
the second iteration does not depend on the output of the first, and 
they may be executed in any order (even at the same time). The 
first step is designing the algorithm so that it occupies the lowest 
number of MMX registers: there are only 8 of them, so they limit 
the number of iterations that can be executed at the same time. 
MMX registers that are shared between the iterations (for exam­
ple, bit masks) should only be counted once. Having calculated the 
highest number of iterations that can be executed in parallel (N), 
the loop can be unrolled by N and then instructions can be moved 
around to maximize the use of both pipelines. 

• MMX instructions that access memory are always executed in 
the U-pipe, so it is better to spread them around and try to 
exploit the V-pipe with ALU or shift instructions. 

• Two shift instructions cannot be issued in the same cycle, 
but all shifts of the different iterations will end up very near, 
because they belong to the same stage of the loop. This prob-
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lem can be solved by introducing a slight delay between the 
iterations, so that the group of MMX instructions that are 
physically close to each other belong to different stages of their 
respective iterations. This is best suited to long loops, because 
in short loops the overhead given by the bunch of instructions 
belonging to the same iteration (which usually do not pair to­
gether) situated at the top of the loop, may offset the benefits 
of a greater V-pipe exploitation. 

5.4.2 Obstacle Detection on an MMX-based processor 

A set of MMX routines has been developed that allow the GOLD system 
to run efficiently on a Pentium MMX; they include all low-level computa­
tions, plus some middle level ones. This section describes each low-level 
filter for the Obstacle Detection functionality together with the analysis 
of its performance: starting from the difference image computation, arriv­
ing at the morphological filter and finally presenting the polar histogram 
computation. 

5.4.2.1 Difference image 

The idea is to compute the absolute difference between the left and right 
image, to reset pixels below a given threshold, then to pack each pixel only 
using one bit per pixel (eight pixels per byte). 

The absolute difference can be easily implemented computing two sat­
urated [74] differences and ORing them: 

MOVQ MM2, MMO ; make a c o p y o f HMO 
PSUBUSB MMO, MM1 ; compute sa turated d i f f e r e n c e one way 
PSUBUSB MM1, MM2 ; compute sa turated d i f f e r e n c e other way 
POR MMO, MM1 ; OR them t o g e t h e r 

The threshold is loaded into the MM7 register at the startup. Pixels 
below the threshold are set to zero using a further saturated subtraction, 
then one bit is extracted from the result, which will only be set if its byte 
is above the threshold. 

Since the image is 128 x 128, the use of one bit per pixel shrink the output 
data down to 2 kbyte allowing a more efficient use of the Pentium's LI cache 
memory. Additional benefits of this choice will be shown in the following 
section. Unfortunately, this packing process requires the implementation 
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of quite a lot of instructions and an additional phase of bit swapping. 
To minimize the performance hit, the packing process works on 32-bit 

word on each loop extracting a bit from each saturated byte (namely a 
single pixel) and then a bit swapping process rearranges two 32-bit words 
into a single double word (64 bits). The loop interleaving technique has 
been applied by running two iterations in parallel, and, as a result, dual 
pipeline exploitation ratio is quite high. 

The bit swapping code applies a mask to isolate all the bits with index 
i, then copies them into position 1 — i (where i is between 0 and 7). The bit 
swapping can be highly optimized by only using three MMX registers and, 
thanks to a round-robin policy, many flow dependencies can be avoided. 
Careful instruction scheduling is required due to the limitations that exist 
on the use of shift instructions: only one shift operation can be issued in 
each clock cycle. 

5.4.2.2 Morphological opening filtering 

This routine removes isolated pixels from the difference image. The central 
pixel • is defined as isolated if all o pixels are zero as shown in the following 
structuring element: 

o I To" 

The highly packed image format described in the previous paragraph 
is now able to give more benefits: this small chunk of data (2 kbyte) fits 
comfortably into the Pentium MMX's 16 kbyte LI cache, avoiding slow 
memory accesses on the system bus. Even more important, the high degree 
of parallelism allows the processing of 64 pixels for each loop, since each 
pixel is represented by a single bit. This powerful combination, plus some 
optimized coding, make this process extremely fast. In order to explain the 
algorithm, the following situation will be used, where each box represents 
a binary pixel. 

Al Bl Cl Dl 
A2 B2 C2 D2 
A3 B3 C3 D3 
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The target is to evaluate the pixels in the second row (A2 —> D2). Ap­
plying the rule explained before, B2 is said to be isolated iff Al, A2, A3, 
Cl, C2, and C3 are all set to zero. A new row is computed by joining all 
three rows with the OR operator: 

A1+A2+A3 B1+B2+B3 C1+C2+C3 D1+D2+D3 

This new row is copied twice and shifted once left and once right by one 
position: 

0 A1+A2+A3 B1+B2+B3 C1+C2+C3 
A2 B2 C2 D2 

B1+B2+B3 C1+C2+C3 D1+D2+D3 0 

All that remains to be done is to join the first and third row with the 
OR operator, saturate the result and then AND the second row with the 
resulting row. The B2 cell will contain the B2 value only if at least one pixel 
amongst Al, A2, A3, Cl, C2, and C3 is not zero. This routine can also gain 
advantage from the Loop Interleaving optimization: the difference image 
has a width of 128 pixels, which can be packed into two MMX registers. 
By unrolling the loop by two, a single row in each iteration can be analyzed 
(actually these two loops are not completely independent, due to the pixels 
on the edges of the central column that must be exchanged between the 
loops). 

This routine performs very well, with a high instruction pairing ratio and 
a very good memory access pattern. The difference image's size (2 kbyte) 
fits perfectly into the LI cache, therefore most memory accesses do not 
use the system bus. Given these assumptions, each loop takes 17 CPU 
cycles to execute, and the whole routine process takes about 2200 cycles. 
Actually, during the execution of the benchmarks, it took slightly more 
than 3000 cycles to execute, which is probably due to L2 cache memory 
access. According to these numbers, each pixel in the difference image is 
checked and eventually removed in only 0.19 cycles. 
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5.4.2.3 Polar histogram 

This routine builds the polar histogram counting all non-zero pixels on each 
ray, ranging from 40 to 140 degrees with 1 degree increment and storing 
the results into an array. Due to the characteristics of the algorithm, it 
is very difficult to design a parallel algorithm that performs this task, and 
the simplest and fastest way to solve this problem is to use a lookup ta­
ble. Therefore, the parallel capabilities of MMX have not been exploited 
in this routine, nonetheless smart coding speeds up the resulting program 
compared to non-MMX code: the additional 8 MMX registers help reduce 
register pressure, whilst MMX shifts are much faster than integer ones. 
The lookup table is pre-calculated and it is stored with the layout shown 
in table 5.2 where the number of internal loops is stored as 

| Number of internal loops (4 bytes) | Padding (4 bytes set to zero) | 

and the internal loop block as shown in table 5.3. 
In addition, the Loop Interleaving technique has been applied again 

to compute 3 pixels in each loop. A higher level of parallelism may give 
further performance gains, but since the number of pixels in each line will 
be an integer multiple of the unrolling factor, when using large numbers, 
the overhead due to padding pixels may offset the benefits of longer loops. 

Experimental tests showed that both pipes are fully used most of the 
time. Some optimizations that may not appear obvious are discussed below: 

• Memory accesses must be executed in the U-pipe. Each iteration 
reads 6 quad words: these are three groups of bit mask plus image 
map accesses. The bit mask quad word defines the image map block 
to be read and the position of the desired bit into the block. This 
data layout wastes some memory, because only 5 bytes are needed 
to store this piece of information, but for alignment reasons this 
number has been rounded up to 8 bytes. The solution of packing 
all 3-bit positions into a single double word has been considered, but 
the additional computations offset the reduced number of memory 
accesses. It can be reasonably assumed that the image map will 
be stored into the Pentium's LI cache memory, being small (only 
2 kbyte) and recently accessed (it was fully scanned). The position 
of the bit mask array in the memory hierarchy may vary: on systems 
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Table 5.2 Layout of the lookup table for polar histogram computation. 

Number 
of internal 
loops {Nn) 
of last angle 

Internal 
loop block 
(repeated 
N„ times) 

End of loop 
(zero inter­
nal loops) 

Number Internal 
of internal loop block 
loops (iVi) (repeated 
of first angle N\ times) 

Table 5.3 Internal loop block for polar histogram computation. 

Address of 
first mem­
ory block 

First bit to 
isolate 

Address 
of second 
memory 
block 

Second bit 
to isolate 

Address 
of third 
memory 
block 

Third bit 
to isolate 

Table 5.4 Execution times of the MMX routines for Average (AL) and Startup (SL) 
loops at 200 MHz. 

AL (clocks) % SL (clocks) % 
Difference image 43177 32.6 83229 36.8 

Noise filtering 3054 2.3 4376 1.9 
Polar histogram 84867 64.2 136645 60.4 

Histogram normalization 463 0.4 970 0.4 
Histogram average 716 0.5 1041 0.5 

Total 132277 226261 
Execution time (ms) 0.661 1.131 

with a large L2 cache memory it may still be situated there, as a 
remainder of the previous execution, but it could also be in the 
main memory. The bit mask array's location is the most important 
factor when evaluating this routine's performance, as the worst case 
can bring a 70% speed penalty compared to the best case. 

• Memory addressing: the address in the image map is extracted 
from a MMX register and placed into an integer register to access 
memory. This process can cause additional penalties: at least one 
CPU cycle must pass between the writing of the address into the 
integer register and the reading from that address. This problem 
was solved by interleaving another memory access that uses a dif­
ferent integer register: by using two kinds of data (bit masks and 
image map blocks) their memory accesses can be interleaved and 
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the penalty explained above avoided. 
• Integer register access: all instructions that access integer registers 

must be issued to the U-pipe. This limitation causes two penalties. 
• Loop delay: the three iterations are delayed, so that their shift 

instructions (which cannot be paired together) are located in dif­
ferent zones of the code. There are no penalties caused by shift 
instructions or register dependencies. 

In execution benchmarks this routine took slightly longer than 100,000 
cycles to run when the bit mask array was located into the L2 cache, and 
took slightly less than 170,000 cycles whilst it was lying in the main memory. 
This difference is striking, and demonstrates that memory optimizations 
with modern CPU's are much more important than they used to be, as 
they can offer a big payoff, even better than the ones that can be obtained 
with coding techniques such as instruction scheduling. 

Since the performance bottleneck of the previous algorithm is reading 
the bit mask table from slow memory, a simple way to improve the running 
speed is to shrink the bit mask table: two adjacent pixels that belong to 
the same angle can be encoded in a single table entry, only using one shift 
index. The bit mask table is then split into two parts: the first one is a list 
of pixel duos, the second a list of single pixels. In real world benchmarks, 
this algorithm shrinks the bit mask table to 68,808 bytes reduced from 
100,466 bytes, and decreases the execution time by 19%, down to 84,867 
cycles. 

Each value in the histogram is the number of non-zero pixels that belong 
to that angle. However, each angle spans a different area, therefore to obtain 
the ratio between non-zero pixels and all pixels contained in that area, each 
value of the resulting histogram has to be scaled (the scaling factors are 
computed at startup). In this case the running time is so short (an average 
of 463 cycles) that specific optimizations are not worth applying. 

Each value contained in the histogram is averaged to smooth spikes. The 
following formula was implemented (the division by 2 or 4 can be coded as 
a right shift instruction): 

V'~2 t Vt+2 + Vi-x +vi + vl+1 
Average^) = * . (5.2) 

Also this routine's running time is so short (slightly more than 700 
cycles) that any further optimizations are not worth carrying out. 

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 2
60

1:
28

2:
70

0:
6b

90
:5

05
4:

63
cf

:a
8f

2:
87

b6
 o

n 
12

/2
2/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



152 Hardware Support for Real-Time Image Processing 

The MMX implementation of the Obstacle Detection functionality fully 
satisfies real-time requirements, being able to complete all computations in 
less than one millisecond. Given these numbers, the real bottleneck of the 
system is the acquisition process, which with traditional CCD cameras takes 
at least 20 ms. The major performance hit is given by an empty L2 cache, 
as table 5.4 shows: on the startup loop all data lies in the main memory, 
while on the average loop it is split between LI and L2 cache memories. 
The startup condition is more likely in real world execution, because other 
routines such as Lane Detection and perspective removal consume a lot of 
memory, so they probably flush the data out of cache memories. 

5.5 Comparison between PAPRICA-3 and MMX-based Pro­
cessors 

This section presents a comparison between the two different platforms 
PAPRICA-3 and MMX-based processors regarding their use in the pro­
cessing of images for automotive applications. 

5.5.1 Algorithms implementation 

The low-level portions of the algorithms described in section 4.3.3 have 
been implemented and tested on both the PAPRICA-3 and Pentium MMX 
architectures. The PAPRICA-3 assembly code was generated using the 
code generator starting from a C++ source, whilst the assembly code for the 
MMX implementation was written and optimized directly by hand, since 
up to now there is no standard C compiler that handles MMX extensions. 
Moreover, in case of future availability, an automatic parallelizing compiler 
would probably not generate a fully optimized code unless some ad-hoc 
C statements are introduced to help the parallelization. 

According to the analysis in [5] the two following categories of operations 
have been considered. 

• Point-wise operations: the new status of each image pixel is com­
puted as a function of the previous value of the same pixel; they are 
used for simple operations, such as thresholding or image difference. 

• Cellular Automata operations: the new status of each pixel is com­
puted as a function of the values of the pixel's neighbors; they 
are used for operations such as morphological filters or adaptive 
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thresholding. 

For the sake of simplicity and the purpose of comparison in the following 
two examples -one for each category- are considered: absolute difference 
between two images (point-wise operation used for Obstacle Detection) and 
brightness comparison in a horizontal neighborhood (cellular automaton 
operation used for Lane Detection). 

Since these operations are performed on 8-bit grey-level images; the 
MMX processor handles 8 pixels simultaneously, while PAPRICA-3 oper­
ates at the same time on a single bit of every pixel of a full image line. 

Absolute difference between two images: a pixel-wise comparison of 
two images is performed. Every pixel of the resulting image is ob­
tained computing the absolute difference between the correspond­
ing pixels of the two images. 
In the case of the MMX-based processor, naming a and b the two 
images, the following two unsigned differences udi = a — b and 
ud-2 = b — a are computed. Thanks to the saturation arithmetic, 
udi is null where a < b as well as MĜ  = 0 where a > b, therefore 
the absolute value ud — \a — b\ can be computed as ud = udi Vudi-
Conversely, the PAPRICA-3 implementation is based on a single 
signed difference (sd = a — b) that gives a two's complement 9-bit 
result, whose ninth bit (s) is the sign. The final result ud = \a — b\ 
is computed as the eight less significant bits of sd + 1 in case s is 
set, and as the eight less significant bits of sd otherwise. 

Brightness comparison in a horizontal neighborhood: every pixel's 
value is computed as a function of its value and the values of its 
left and right neighbors at a distance of 2. 
In the MMX implementation, multiple accesses to the memory are 
required; the two following solutions are possible. 

• Using a single access to the memory, the pixel value as well 
as the values of its neighbors are loaded into a single MMX 
register; in order to perform the comparison, several shift op­
erations must be used to align the pixels with its second neigh­
bors. Unfortunately, these shift operations reduce the num­
ber of pixels that can be processed simultaneously for each 
memory access from 8 to 4 (figure 5.8.a). Therefore two read 
accesses to the memory are required for the processing of 8 pix­
els. 
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Fig. 5.8 Two different approaches to a cellular automaton operation in the MMX tech­
nology involving 8-bit pixels A, B, and C; (a) a single access to the memory followed by 
shift operations; (b) three partially overlapped accesses to the memory. 

• Conversely, using three accesses to the memory, the pixel value 
and its neighbors' values can be loaded into three different 
MMX registers so that they have the correct alignment. In 
this case, 8 pixels can be processed simultaneously and there 
is no need for shift operations (figure 5.8.b). 

On the other hand, in the PAPRICA-3 architecture the PEs can 
directly access data held in their neighborhood, therefore it is pos­
sible to process one full line after a single load operation. Moreover, 
in the situation where the cellular automaton is based on a wider 
neighborhood, PAPRICA-3 has no additional overhead, whilst the 
MMX implementation requires a sufficiently large number of regis­
ters and memory accesses. 

More generally, when considering point-wise operations on 8-bit deep 
images, it can be seen that the MMX-based processor and PAPRICA-3 
architecture have a similar behavior, the only differences being the instruc­
tion sets and the number of pixels that can be processed simultaneously. 
Nevertheless, since PAPRICA-3 is a single bit processor, it can also handle 
efficiently images with a generic depth, whilst the MMX instruction set is 
only able to deal with fixed-depth images (8, 16, 32, or 64 bit/pixel). 

Finally, the PEs of PAPRICA-3 are able to directly access the data 
of the neighboring PEs, therefore allowing a highly efficient implementa-
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tion of cellular automata operations. Conversely, in the MMX technology, 
multiple accesses to the memory are required and this reduces the overall 
performance, even if this effect is lessened by the presence of multiple levels 
of cache memory. 

5.5.2 Performance evaluation 

For comparison purposes, the algorithms described in section 4.3.3 have 
been evaluated on PAPRICA-3 architecture, featuring 128 processors, a 
100 MHz clock and a 20 ns memory access time, and on two different 
MMX Intel Pentium architectures, featuring a 66 MHz bus speed and a 
166 MHz or 200 MHz processor clock. 

Table 5.5 Performance evaluation on PAPRICA-3 (128 PEs) and MMX-based archi­
tectures. , , , 

Low-level 
Obstacle Detection 

Low-level 
Lane Detection 

PAPRICA-3 (100 MHz) 1.04 ms 1.67 ms 
Pentium MMX (166 MHz) 3.2 ms 7.0 ms 
Pentium MMX (200 MHz) 2.7 ms 6.2 ms 

Table 5.5 shows the results of the low-level portion of Lane and Obstacle 
Detection algorithms which include both point-wise operations and cellular 
automata niters. As a first consideration, it is important to note that the 
processor clock difference between the two MMX-based processors does not 
seem to equally affect execution time: in fact, despite a frequency increase 
of 20%, only l l - r l5% speedups have been measured. The rationale behind 
this result is that both systems use the same bus (66 MHz) for memory 
access which, for this implementation, represents the actual bottleneck. 

These results demonstrate that PAPRICA-3 performs from two to four 
times better than MMX processors depending on the algorithm. It should 
be considered, however, that these results have been obtained from a con­
figuration where both architectures offer the maximum efficiency: namely 
in PAPRICA-3's case, when the number of PEs matches the image width, 
and in the MMX case, when processing 8 bit deep images. While the first 
condition is assumed to be valid, processing images with a reduced depth 
is generally envisaged, particularly for real-time constrained applications. 
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156 Hardware Support for Real-Time Image Processing 

In this case PAPRICA-3 reaches higher efficiency levels than MMX-based 
processors. 

5.5.3 Discussion 

The solution based on a special-purpose processing system like PAPRICA-3 
requires the complete design of the computer architecture as well as a pro­
gramming language and a debugging environment. Conversely, the other 
solution takes advantage of standard development tools and environments 
but suffers from a less specific instruction set and a less oriented system ar­
chitecture. Moreover, since the use of MMX extensions relies on an SIMD 
computational paradigm which cannot be fully exploited by a standard 
C compiler, specific approaches are needed: in fact, in order to obtain a 
highly efficient code, either assembly code programming or specific exten­
sions to the C language are required. 

Nevertheless, the advantages offered by the first solution, such as an ad-
hoc design of both the processing paradigm and the overall system archi­
tecture, are diminished by the necessity of managing the complete project, 
starting from the hardware level (design of the ASICs) as far as the design 
of the architecture, the programming language along with an optimizing 
compiler, and finally to the development of applications using the specific 
computational paradigm. 

Furthermore, in comparing these two solutions not only do the architec­
tural details have to be taken into account, but the technological aspects 
need to be considered as well, the main issues being: 

• the advancements of technology, which tend to reduce the life time 
of the system; 

• system design and engineering costs, which are justified for produc­
tions based on large volumes only. 

These additional considerations highlight that as soon as a new tech­
nological process becomes available, the design must be reconsidered from 
scratch, since new computational paradigms could benefit from the incre­
ment in computational power deriving from a higher integration, as it hap­
pened for SIMD processors and for MMX extensions. 

The development of dedicated architectures was one of the main re­
search topics in the mid 80's, when technology was pushed to its limits 
and general-purpose processors could not provide sufficient computational 
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power to support the fast processing of large data structures, like bitmapped 
images. The general-purpose solution was definitely unsuitable for certain 
specific problems for which even expensive ad-hoc solutions based on long 
design, development, and testing times were justified. 

Later, when SIMD machines became possible, a large number of simple 
processing elements were integrated onto the same chip. There was a large 
explosion of custom architectures, mostly based on processor arrays with 
a bi-dimensional grid interconnection scheme, since it was thought to be 
the best solution for image processing. Starting from the original ideas 
of Unger [153], Fountain [60] classified the different research projects and 
implementations according to a three generation taxonomy. 

The early ILLIAC [16] and CLIP [51] machines belong to the first gener­
ation, which were mainly devoted to low-level image processing tasks. The 
second generation comprises systems such as: the ICL DAP [123], Goodyear 
MPP [7], and CLIP4 system [61] which evolved towards complete processing 
systems with dedicated operating systems and languages. 

The factor that triggered off the third generation were the availabil­
ity and widespread use of VLSI technology and the natural mapping of a 
bi-dimensional interconnection scheme over the planar structure of a sili­
con chip. This led to an explosion of different proposals and implemen­
tations [23, 106,127,132,141,145] and in some cases to the redesign of 
previous architectures. Most designs share original characteristics such as 
the bi-dimensional mesh interconnection scheme and bit serial computa­
tion. Instead other ones, such as the Connection Machine, have increased 
the complexity of the interconnection network or widened the data path of 
the elementary PE, as in the CLIP7 [62] or MasPar [96] systems. Other 
machines, such as the AIS [132] and the PAPRICA-3 [22,68], have a 1-D 
interconnection scheme emulating a 2D mesh organization. 

These architectures demonstrated to be extremely important since they 
allowed to design and efficiently test solutions based on new approaches and 
new computational paradigms, such as Cellular Automata [95] or Mathe­
matical Morphology [70,135]. 

Moreover, the following availability of fast internetworking facilities gave 
impulse to the MIMD paradigm, for which processors operating at very high 
clock frequencies were needed. Thanks to the widespreading of Internet, in 
the mid 90's multimedia applications gained more importance, and image 
processing became a basic tool for the solution to problems which were 
becoming more and more common. Therefore, after a first stage in which 

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 2
60

1:
28

2:
70

0:
6b

90
:5

05
4:

63
cf

:a
8f

2:
87

b6
 o

n 
12

/2
2/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.
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ad-hoc hardware boards were built to support fast image compression -and 
image processing in general- general-purpose processors were built consid­
ering that a lot of their computational power had to be devoted to the 
processing of images. Although in a period of technological pressure, Intel 
introduced MMX technology, which, thanks to an overlapping of hardware 
used in floating point operations and to a small increment of chip size, 
included specific instructions tailored to the processing of new data struc­
tures, such as pixels. 

Within this framework, the advantages offered by ad-hoc solutions are 
more and more confined to a small and specific application field, where 
hard constraints may impose the design of a specific system architecture, 
for example in the development of engineered embedded systems. 

5.5.3.1 Trends in the automotive field 

Similar issues have been addressed by other research institutes working in 
the automotive field. The great majority of the projects involving the use 
of machine vision to sense the environment began 5 to 10 years ago with the 
development of ad-hoc computer architectures that could provide sufficient 
computational power to support low-level image processing. Among them, 
the most important and significant examples derive from Carnegie Mellon 
University (section 3.2.8) and Universitat der Bundeswehr (section 3.2.3), 
in which both research groups developed their own system architectures: 
in the first case a 16k Mas-Par MP-2 was installed on the experimental 
vehicle NavLab I [78,79], whilst in the second case, special-purpose boards 
were included in the Transputer-based architecture of VITA. 

Nevertheless, both groups are currently heading their research toward 
the use of general-purpose processors in a commercial architecture with 
off-the-shelf components, such as frame-grabbers and I/O boards. These 
systems can be efficiently used to test the algorithms and any new ap­
proach without worrying about the advancements of technology during the 
course of the project. Once the algorithms have been defined, tested, and 
tuned according to the specific application and environment, the engineer­
ing phase may take place in order to produce the final embedded system 
taking advantage of up-to-date technology. 

As a final consideration, current technology allows the possession of 
sufficiently powerful processing engines to provide an efficient development 
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infrastructure (considering both hardware devices and programming tools). 
Obviously, since the final product generally needs specific characteristics 
such as low cost, minor power consumption, or small physical size, the 
final phase will consist of the re-engineering the whole system leading to a 
special-purpose ad-hoc product. 

Therefore, although some years ago the extremely expensive develop­
ment of special-purpose hardware was required because of the low perfor­
mance of general-purpose systems, the special-purpose solution is nowadays 
the basis for the final marketing product in specific hard-constrained appli­
cations. 
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Chapter 6 

The ARGO Vehicle 

6.1 Description 

ARGO, shown in figure 6.1, is the experimental autonomous vehicle de­
veloped at the Dipartimento di Ingegneria dell'Informazione, Universita di 
Parma, Italy. It has integrated the main results of the research conducted 

Fig. 6.1 The ARGO prototype vehicle. 

over the last few years, regarding algorithms and architectures for vision-
based automatic road vehicles guidance. Both software and hardware were 

161 
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162 The ARGO Vehicle 

first tested and demonstrated on-board MOB-LAB, the mobile laboratory. 
Subsequently, thanks to the availability of the ARGO vehicle, a pas­

sengers' car equipped with vision systems and an automatic steering capa­
bility, a number of different solutions for autonomous navigation has been 
developed, tested and tuned, particularly for the basic functionalities of 
Obstacle and Lane Detection. The most promising approaches for both 
functionalities have been integrated into the GOLD system [10], discussed 
in section 4.3, which acts currently as the automatic driver of ARGO. Ob­
stacles on the road are detected and localized by means of stereo vision, 
while the processing of a single monocular image allows the extraction of 
the road geometry in front of the vehicle. 

The web site 

h t t p : / / m i l l e m i g l i a . c e . u n i p r . i t 

holds up-to-date information and technical data about the ARGO project 
and its evolution. 

6.1.1 The name 

The name ARGO derives from the italian name of two distinct myths re­
lated to navigation and vision. 

• Argo, the first ship with name in history, used by Jason and a band 
of 50 mythological heroes to navigate throughout all the Mediter­
ranean sea and to fetch the golden fleece. Since the Argo was 
equipped with all those implements and tackling necessary for run­
ning and guiding it among the huge waves of the open sea, she can 
represent the archetype of the perfect navigation media. 

• Argus, YlavdiTTr]^ (the all-seeing), the many-eyed god with the gift 
of all-round vision. Since Argus had a hundred eyes he made a 
fine watchman, because he could put some of them to sleep whilst 
the others remained open, and was thus appointed by the goddess 
Hera to watch over the cow into which Io (Hera's priestess) had 
been transformed. Disguised as a Shepard, Hermes gained Argus' 
confidence and lulled him to sleep. Once asleep, Hermes killed 
Argus. As a memorial, Hera took his eyes and placed them into 
the tail of her favorite bird, the peacock. 
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6.2 The Data Acquisition System 

Only passive sensors (two cameras and a speedometer) are used on ARGO 
to sense the surrounding environment: although vision is extremely com­
putationally demanding, it offers the possibility to acquire data in a non-
invasive way, namely without altering and polluting the environment. In 
addition, a button-based control panel has been installed enabling the driver 
to modify a few driving parameters, select the system functionality, issue 
commands, and interact with the system. 

6.2.1 The vision system 

The ARGO vehicle is equipped with a stereoscopic vision system consist­
ing of two synchronized cameras able to acquire pairs of grey level images 
simultaneously. The installed devices are small (3.2 cm x 3.2 cm) low cost 
cameras featuring a 6.0 mm focal length and 360 lines resolution, and can 
receive the synchronism from an external signal. 

The cameras lie inside the vehicle at the top corners of the windscreen, 
so that the longitudinal distance between the two cameras is maximum. 
This allows the detection of the third dimension at long distances. The 
optical axes are parallel and, in order to also handle non flat roads, a small 
part of the scene over the horizon is also captured, even if the framing of a 
portion of the sky can be critical due to abrupt changes in image brightness: 
in case of high contrast, the sensor may acquire over-saturated images. 

The images are acquired by a PCI board, which is able to grab three 
768 x 576 pixel images simultaneously. The images are directly stored into 
the main memory of the host computer thanks to the use of DMA. The 
acquisition can be performed in real-time, at 25 Hz when using full frames 
or at 50 Hz in the case of single field acquisition. 

6.2.1.1 System calibration 

Since the process is based on stereo vision, camera calibration plays a fun­
damental role in the success of the approach. The calibration process is 
divided into two steps. 
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Supervised calibration: the first part of the calibration process is an in­
teractive step: a grid with a known size, shown in figure 6.2, has 
been painted onto the ground and two stereo images are captured 

Fig. 6.2 View of the calibration grid painted on a reference road segment. 

and used for the calibration. Thanks to an X Window-based graph­
ical interface a user selects the intersections of the grid lines using 
a mouse; these intersections represent a small set of points whose 
world coordinates are known to the system; this mapping is used to 
compute the calibration parameters. This set of homologous points 
is used to minimize different cost functions, such as, the distance 
between each point and its neighbors as well as line parallelism. 
This first step is intended to be performed only once when the ori­
entation of the cameras or the vehicle trim has changed. Since the 
homologous points are few and their coordinates may be affected by 
human imprecision, this calibration represents only a rough guess 
of the parameters, and a further process is required. 

Automatic parameters tuning: after the supervised phase, the com­
puted calibration parameters have to be refined. Moreover, small 
changes in the vision system setup or in the vehicle trim require a 
periodic tuning of the calibration. For this purpose, an automatic 
procedure has been developed [11]. Since this step is only a re­
finement, a structured environment, such as the grid, is no longer 
required and a mere flat road in front of the vision system is suf­
ficient. The parameters' tuning consists of an iterative procedure, 
based on the application of the IPM transform to stereo images, 
which takes about 20 seconds: iteratively small deviations from the 
coarse parameters computed during the previous step are used to 
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remap the captured images; the aim is to get the remapped images 
as similar as possible. All the pixels of the remapped images are 
used to test the correctness of the calibration parameters through 
a least square difference approach. 

6.2.2 The speed sensor 

The vehicle is also equipped with a speedometer to detect its velocity. A 
Hall effect-based device has been chosen due to its simplicity and its reliabil­
ity and has been interfaced to the computing system via a digital I/O board 
with event counting facilities. The resolution of the measuring system is 
about 9 cm/s. 

6.2.3 The user interface 

Finally, a set of buttons on a control panel allows the user to interact with 
the system: the driver can select the functionality, modify some driving 
parameters, and -in this first stage- can use it as an interface for a basic 
debugging tool. The control panel is shown in figure 6.3. 

Fig. 6.3 The control panel, which includes the two sets of leds and a series of buttons. 
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6.2.4 The keyboard 

The on-board PC's keyboard is used as a set of auxiliary buttons to trigger 
on or off specific debugging facilities and modify the internal driving pa­
rameters that are hidden from the driver. It is therefore only used to debug 
and tune the system's parameters. 

6.3 The Processing System 

As mentioned in section 5.5, two different architectural solutions were con­
sidered and evaluated: a special-purpose and a general-purpose process­
ing system. As previously discussed, although the dedicated architecture 
presents the advantages of an ad-hoc solution, it requires an expensive 
and complex design, whilst, on the other hand, the standard architectural 
solutions offer nowadays a sufficient computational power even for hard 
real-time constrained applications as this one. 

For these reasons, the architectural solution currently installed on the 
ARGO vehicle is based on a standard 200 MHz MMX Pentium processor. 
Software performance is boosted exploiting the SIMD MMX enhancements 
of the traditional instruction set, which permits processing in parallel mul­
tiple data elements using a single instruction flow. Figure 6.4 shows the 
ARGO boot in which the PC is visible. 

Fig. 6.4 Internal view of ARGO's boot: both the PC and inverter are visible. 
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6.4 The Output System 

Four different output devices have been installed on ARGO: some of them 
are actuators, some were integrated in order to test their usefulness, and 
a few were included just for debugging purposes. Figure 6.9 on page 172 
shows an internal view of the driving cabin. 

Fig. 6.5 The control panel and on-board monitor. 
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6.4.1 The acoustical devices 

A pair of stereo loudspeakers are used to issue warnings to the driver in case 
dangerous conditions are detected, e. g. when the distance from the leading 
vehicle is under a safety threshold or when the vehicle position within the 
lane is unsafe. The possibility of using the loudspeakers individually is 
exploited in order to enhance the effectiveness of the acoustical messages. 
The driver can choose amongst several kinds of acoustic signals: chimes 
only, vocal messages in different languages (Italian or English) and with a 
different information content. 

6.4.2 The optical devices 

Two different optical devices, both shown in figure 6.5, have been installed: 
a led-based control panel and a color monitor. 

The former is used to display the current functionality and some in­
formation about the relative position of the vehicle compared to the lane, 
namely the vehicle offset with respect to the road center line, as shown in 
figure 6.6. 

Fig. 6.6 The output of the GOLD system on the on-board monitor. 

Figure 6.7 shows the debugging tool, running under the X l l windowing 
system; it allows to tune the GOLD parameters and to compute processing 
statistics. 

The latter is mainly used as a debugging tool, since its integration on a 
commercial vehicle would distract the driver's attention: a visual feedback 
is supplied to the driver by displaying the results of the process on a 6" 
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The Output System 169 

Fig. 6.7 The software control panel used for debugging. 

on-board color monitor. The monitor presents the acquired left image with 
markings highlighting lane markings as well as the position of obstacles. 
Moreover, it can also display images representing intermediate processing 
results and the value of some basic parameters for debugging purposes. It 
also presents a bi-dimensional reconstruction of the road scene, showing the 
position of obstacles and lane markings. 

6.4.3 The mechanical devices 

A single mechanical device, shown in figure 6.8, has been integrated on 
ARGO to provide autonomous steering capabilities. It is composed of an 
electric engine linked to the steering column by means of a belt. 

This device can operate in three different ways: 

• as a warning device, it is used to vibrate the steering wheel for a 
short while in order to warn the driver when an unsafe maneuver 
is undertaken or in correspondence to a momentary reduction in 
driving capabilities (e. g. drowsiness, wrong security distance...); 

• as an actuating device, it is used during humanly operated vehicle 
driving to restore a safe lateral position of the vehicle in case of 

 D
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170 The ARGO Vehicle 

Fig. 6.8 View of the electric engine installed on the steering column. 

dangerous situations: it steers the vehicle and releases the control 
of the steering wheel to the driver only when the vehicle is in a safe 
position within the lane; 
again as an actuating device, to drive the vehicle autonomously 
as follows: the output provided by the GOLD vision system, such 
as the vehicle lateral offset, the vehicle yaw relative to the road 
centerline and upcoming road curvature, are combined to determine 
the lane center at a given distance in front of the vehicle, and the 
steering wheel is turned to direct the vehicle towards that point 
ahead of the vehicle. 
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6.5 The Control System 

Once the road geometry ahead of the vehicle has been recovered, a software 
module is used to compute signals to be issued to the steering wheel actu­
ator. More precisely, starting from the knowledge regarding road geometry 
and vehicle speed, this module determines the vehicle yaw and computes 
the position that the vehicle will assume within a given time interval (in 
the current implementation it is 1.5 s). In case the future vehicle position is 
not compatible with the requirements (the vehicle should keep central with 
respect to the driving lane), a rotation is imposed on the steering wheel. 

To keep the control system simple, the steering wheel rotation is com­
puted as the result of a temporal average amongst a set of values pro­
portional to the offsets between the future position and the lane center in 
successive time instants. Despite the delay caused by temporal average, this 
low-pass filter has the specific advantage of reducing noise caused by possi­
ble incorrect results of the vision system, due -for example- to calibration 
drifts induced by vehicle movements. 

Since the processing rate is high (25 frames per second), the refinements 
of the steering wheel positions occur at a high rate; this eases the filtering 
of incorrect, vibrating movements caused by noise. 

Moreover, an emergency feature has been added to the control system 
to avoid sudden and therefore dangerous movements of the steering wheel. 
Each new position -computed as mentioned above- is compared to the 
current position and processed through a limiting filter, whose threshold 
depends on vehicle speed. In other words, when the vehicle is moving at 
a low speed, two consecutive positions of the steering wheel can be quite 
different; on the other hand, when driving at a high speed, only small 
steering wheel movements are permitted. 

6.5.1 Lane change maneuvers 

By means of specific buttons in the control panel, left or right lane change 
maneuvers can be triggered off. In order to change the lane, the offset 
between the vehicle's position and the lane marking that the system is 
tracking is progressively varied until the vehicle reaches the central position 
in the new lane. This implies the knowledge of the lane width. Then the 
system locks onto the new lane marking (delimiting the new lane), which 
is easily localized lying parallel to the previous one at a known distance. 

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 2
60

1:
28

2:
70

0:
6b

90
:5

05
4:

63
cf

:a
8f

2:
87

b6
 o

n 
12

/2
2/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



172 The ARGO Vehicle 

Fig . 6.9 In te rna l view of t h e A R G O vehicle. 
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Functionalities 173 

Fig. 6.10 Equipment of the ARGO vehicle. 

6.6 Functionalities 

Thanks to the control panel, the driver has the possibility of adjusting the 
values of various driving parameters relative to the driving task and to 
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174 The ARGO Vehicle 

select the functionality of the system. The following three functionalities 
are now integrated. 

Manual Driving: the system monitors the driver's activity; in case of 
potential dangerous situations the system warns the driver with 
acoustic and optical signals. 

Supervised Driving: in case of dangerous situations, the system takes 
control of the vehicle in order to keep it in a safe position. 

Automatic Driving: the system drives automatically, following the lane 
and localizing obstacles on its path; moreover, it is able to perform 
lane changes. 

6.7 Other Vehicle Equipments and Emergency Features 

Besides the main devices for input, output and data processing, some ad­
ditional equipments have been installed on the vehicle. 

• Since all internal instrumentation works at 220 V @ 50 Hz, an 
inverter has been included to provide the correct power supply. 

• The vehicle has been connected to Internet thanks to two GSM 
cellular channels. The connection is set up on two serial links with 
the PPP (Point to Point) protocol and the packets are switched 
onto the two lines for load balancing reasons. This connection 
permits the transfer of images and statistical data from the vehicle 
to Internet. 

• Finally, the ARGO vehicle has been equipped with several emer­
gency devices to be activated by hand in case of system failures. 
The availability of these devices has been necessary to ensure safety 
during the tests and to face insurance requirements. 
Besides acting on the control panel to deactivate automatic driving 
features, the passenger can intervene at different levels on a number 
of emergency devices (see figures 6.9 and 6.10). 

Emergency joystick: a joystick is used to overcome the com­
mands issued by the system. The passenger, after pushing 
one of the two joystick buttons, can take control of the steer­
ing wheel by moving the joystick. This emergency feature is 
intended only to refine the commands issued by the system. 
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Other Vehicle Equipments and Emergency Features 175 

When the button is released, the system keeps working auto­
matically. 

Emergency pedal: located near the clutch, it is used to set the 
manual driving functionality. As soon as the pedal is pressed, 
the control software switches to manual driving and the pas­
senger can take control of the vehicle. 

Emergency button: an emergency button, located near the man­
ual brake, performs via hardware the same action of the emer­
gency pedal, detaching the electric engine control signal. 

Power supply switch: this last device can be used in case of 
hardware or software system's failures, and allows the release 
of the power supply for the steering wheel electric engine. 
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PART III 

THE PROJECT'S RESULTS 
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This last part of the book presents the results of the ARGO project. 
The 2000 km test tour is described and the overall system performance 
discussed. Then, a detailed analysis of the main problems encountered 
during the whole project is presented for each system component. The 
final chapter contains some conclusive remarks and a discussion on future 
trends. 
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Chapter 7 

The MilleMiglia in Automatico Tour 

7.1 Descript ion 

In order to extensively test the vehicle under different traffic situations, 
road environments, and weather conditions, a 2000 km journey was carried 
out between the 1st and 6th June, 1998. During this test, ARGO drove itself 

Fig. 7.1 Automatic driving during the MilleMiglia in Automatico tour. 

autonomously along the Italian highway network, passing through flat areas 
and hilly regions including viaducts and tunnels. The Italian road network 
is particularly suited for such an extensive test since it is characterized by 

181 
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182 The MilleMiglia in Automatico Tour 

quickly varying road scenarios which included changing weather conditions 
and a generally good amount of traffic. The tour took place on highways 
and freeways, but the system proved to work also on sufficiently structured 
rural extraurban roads with no intersections. 

In the following sections the tour is described, a critical analysis of this 
test is presented, and the main bottlenecks of the system, as well as some 
considerations on their possible solutions are highlighted. 

7.1.1 Dates and schedule 

The MilleMiglia in Automatico tour took place along the Italian road net­
work between the 1st and 6 th June, 1998: it was subdivided into 7 stages 
of about 250 km each, and carried out within 6 days. 

• Monday, 1st June 1998 
9.00-12.00 Parma - Torino 
Mainly flat. 

• Tuesday, 2nd June 1998 
9.00-11.00 Torino - Milano - Pavia 
Flat; the Milano by-pass taken. 
16.00-20.00 Pavia - Milano - Ferrara . 
Flat; again through the Milano by-pass 

245 km 

175 km 

340 km 

 D
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• Wednesday, 3 r d June 1998 
12.00-15.30 Ferrara - Bologna - Ancona 260 km 
The Bologna by-pass taken; flat until Rimini, then hilly crossing 
the Appennine region towards Ancona. 

• Tuesday, 4 th June 1998 
8.30-13.00 Ancona - Pescara - Roma 365 km 
Hilly until Roma. 

• Friday, 5 th June 1998 
9.00-12.30 Roma - Firenze 280 km 
Flat and hilly; the GRA (Grande Raccordo Anulare) taken. 

• Saturday, 6 th June 1998 
8.30-12.00 Firenze - Bologna - Parma 195 km 
Mountainous: crossing the Appennine region as far as Bologna, 
then flat until Parma. 

7.1.2 Data logging 

During the journey, besides the normal tasks of data acquisition and pro­
cessing for automatic driving, the system logged the most significant data, 
such as speed, position of the steering wheel, lane changes, user interven­
tions and commands, and dumped the whole status of the system (images 
included) in correspondence to situations in which the system had difficul­
ties in detecting reliably the road lane. 

This data has been processed off-line after the end of the tour in order 
to compute the overall system performance, such as the percentage of au­
tomatic driving, and to analyze unexpected situations. The possibility of 
re-processing the same images, starting from a given system status, allows 
the reproduction of conditions in which the fault was detected and a way of 
solving it is found. At the end of the tour, the system log contained more 
than 1200 Mbyte of raw data. 

7.1.3 Live broadcasting of the event via Internet 

During the tour, the ARGO vehicle broadcasted a live video stream on the 
Internet: two GSM cellular modems were connected to the Vision Labo­
ratory of the Dipartimento di Ingegneria dell'Informazione in Parma, and 
used to transfer both up-to-date news on the test's progression and images 
acquired by a camera installed in the driving cabin, shown in figure 7.2, 
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184 The MilleMiglia in Automatico Tour 

Fig. 7.2 The internal camera -installed over the back seats- framing the driving cabin; 
a GSM antenna is also visible in the background. 

demonstrating automatic driving. 
The set-up of a permanent data link from a moving platform implies 

the use of mobile telecommunications facilities, such as GSM modems. The 
use of GSM modems for live video streaming requires facing the following 
constraints: 

• low bit-rate for transmission (usually 9600 bps) and 
• high bandwidth variability during movements. 

In order to increase the throughput of the link, two modems -and there­
fore two channels- working simultaneously have been installed on ARGO. 
The transmission hardware is composed of a PC running Linux with two 
serial ports and a color camera connected to the parallel port. The network 
traffic is split across the two serial channels thanks to the EQL (EQualizer 
Load-balancer) [9] protocol, able to split the network traffic across multi-
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pie links. Moreover, the communication software was designed in order to 
dynamically adapt the network traffic to the throughput. 

To prove the scientific community, mass-media and general public's 
high interest, the ARGO web site (h t tp : / /mi l l emig l i a . ce. unipr . i t ) re­
ceived more than 350,000 contacts during the tour and more than 
3000 Mbyte of information were transferred, with a peak of 16,000 con­
tacts per hour during the first day of the tour. 
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Chapter 8 

Performance Analysis 

This chapter deals with various issues related to system performance. It 
covers the following: hardware issues regarding the vision system (sec­
tion 8.1.1), considerations on processing speed (section 8.1.2) and image 
processing algorithms (section 8.1.3), issues related to the vehicle control 
system and in particular to the visual feedback used in the vehicle control 
loop (section 8.1.4), the experience regarding the use of the man-machine 
interface installed on ARGO (section 8.1.5), and a discussion on how en­
vironmental conditions influence the whole system (section 8.1.6). This 
chapter ends with an overview of some of the problems encountered during 
the tour and a detailed analysis of one hour of automatic driving. 

8.1 System Performance 

8.1.1 The vision system 

Since one of the aims of the whole project is the development of a sufficiently 
low cost system so as to ease its integration in a large number of vehicles, the 
use of low-cost acquisition devices was a clear starting point: in particular 
videophone cameras (small-sized sensors at an average cost of 100 USD 
each) were installed. 

Although having a high sensitivity even in low light conditions (such as 
during the night), a quick change in the illumination of the scene causes a 
degradation in the image quality (for example at the entrance or exit from a 
tunnel). In particular, having a slow automatic gain control (they have been 
designed for applications characterized by constant illumination such as 
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video-telephony), in correspondence to the exit from a tunnel for a period of 
time of about 100-^200 ms, the acquired images result completely saturated 
and their analysis becomes impossible. This problem also happens when the 
vehicle crosses an area that contains patches of new (black) and old (light 
grey or even white) asphalt. A possible solution to this problem could be 
to use cameras with a higher performance rate and, in particular, a faster 
automatic gain control and higher dynamics. CMOS-based sensors are 
also now being evaluated: their logarithmic response should allow higher 
dynamics, and their intrinsic slowness due to the specific pixel-by-pixel 
addressing mode, should pose no additional problems since the early stages 
of processing (IPM) are based on a strong subsampling of the incoming 
image. Moreover, their use should speed-up the acquisition process since a 
complete scanning and transfer of the whole image is no longer required. 

8.1.2 The processing system 

The design of the processing system proved to be appropriate for the au­
tomatic driving of the vehicle. Moreover, current technology provides pro­
cessing systems with characteristics that are definitely more powerful than 
the one installed on ARGO: a commercial PC with a 200 MHz Pentium 
processor and 32 Mbyte of memory. 

On such a system, enhanced by a video frame grabber able to acquire 
simultaneously 2 stereo images (with 768 x 576 pixel resolution), the GOLD 
system processes up to 25 pairs of stereo frames per second and provides 
the control signals for autonomous steering every 40 ms*. Obviously the 
processing speed influences the maximum vehicle speed: the higher the 
processing speed, the higher the maximum vehicle speed. 

8.1.3 The visual processing 

The approach used for both Obstacle and Lane Detection, based on the In­
verse Perspective Mapping transform, proved to be effective for the whole 
trip. Even if on Italian highways the flat road assumption (required by 
the IPM transform) is not always valid, apart from a exceptions, the ap­
proximation of the road surface with a planar surface was acceptable. The 
calibration of the vision system, in fact, should be tuned to reflect the 

*This is equivalent to one refinement on the steering wheel position for every meter when 
the vehicle drives at 100 km/h. 
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System Performance 189 

modifications of road slope ahead of the vehicle, since a wrong calibration 
generates a lateral offset in the computation of the vehicle trajectory. Nev­
ertheless, since the highway lanes' width is sufficiently large, this offset has 
never caused serious problems, but it is for this reason that an enhancement 
to the IPM transform is currently under final testing allowing to get rid of 
the fiat-road assumption and to also handle generic roads. 

The only drawback which exists, due to the use of the IPM transform, is 
that the vehicle movements (pitch and roll) do not allow a reliable detection 
of obstacles at distances further than 50 meters. 

During navigation the system locks onto the right lane marking, hence 
the vehicles in front do not occlude its visibility. This choice, however, is 
critical during the complex situations of highway exits, where two lines are 
present, a continuous one for the exit and a dashed one for the lane. In 
such cases the passenger can select whether to stay on the road or to exit 
it. 

On the contrary, the resolution of these devices turned out to be sat­
isfactory and the framing of the scene (no horizon to reduce strong light 
conditions and direct sunlight) correct for the type of roads considered 
(sloping gently). 

During the whole tour the system processed about 1,500,000 images* 
totalling about 330 Gbyte of input data. 

8.1.4 The control system 

The control system has been designed and developed focusing on its simplic­
ity. Regarding the mechanical part, an electric stepping motor allows the 
rotation of rotate the steering wheel with a high resolution and a reduced 
power consumption. 

On the other hand, the simplicity of the logical part of the control system 
has the main advantage of keeping the entire system robust: only a temporal 
average and a simple measurement are used to compute the steering wheel 
angles. 

With this kind of control, for speeds reaching around 90 -r 95 km/h 
there is no noticeable difference in comparison to a human driver, while for 
higher speeds (during the test a peak of 123 km/h was reached) the vehicle 
tends to demonstrate slightly unstable behavior, oscillating inside the lane. 

+ Each with size 768 x 288 pixel. 
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A more sophisticated control system is currently under study also in­
cluding a strong road model; this should allow reaching higher speeds with 
more stability. This new control mechanism is undergoing tests on a system 
simulator that permits the emulation of vehicle behavior on curved roads 
with more than one lane. The simulator has also been used to test lane 
change maneuver. 

8.1.5 The man-machine interface 

The automatic driving system is managed by a control panel by means 
of six buttons and eight leds which indicate the currently selected driving 
functionality. Since this is still in an early development stage, it is possible 
to also modify the value of a number of driving parameters, which should 
normally be hardcoded and not adjustable by the final user. Nevertheless, 
this possibility does not increase the interface complexity. For security 
reasons the user is required to press two buttons simultaneously for each 
command to be executed. The modifications in the system's state are then 
notified to the user through vocal messages which confirm the reception and 
execution of the command. Moreover, for some commands whose execution 
is not instantaneous (such as the lane change command) an acoustic signal 
is also generated upon completion of the maneuver. 

The emergency systems allows the driver to take the control of the 
vehicle during emergency situations in three different ways: tuning driving 
parameters (through the control panel buttons), temporarily taking over 
the system (by means of a joystick), completely taking over the system (by 
pressing a pedal close to the clutch, or the control panel buttons, or an 
emergency button close to the hand brake). 

8.1.6 Environmental conditions 

During the six days test, the system's behavior was evaluated in various en­
vironmental conditions. The route was chosen in order to include areas with 
different morphological characteristics: from flat areas (Parma, Piacenza, 
Torino, Milano, Verona, Padova, Ferrara, Bologna), to sloping territories of 
the Appennines region (Pescara, L'Aquila, Roma, Firenze, Bologna), and 
heavy traffic zones (Roma, Torino and Milano's by-passes), inevitably en­
countering stretches of highway with road works, absent or worn horizontal 
road signs, and diversions. 

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 2
60

1:
28

2:
70

0:
6b

90
:5

05
4:

63
cf

:a
8f

2:
87

b6
 o

n 
12

/2
2/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



System Performance 191 

Fig. 8.1 The light's reflection within the internal surface of the windscreen; this causes 
the images to be over-saturated. 

Moreover, the different weather conditions (in particular the light con­
ditions) demonstrated the robustness of both the approach and image pro­
cessing algorithms. In fact, the system was always able to extract the 
information for the navigation task even in critical light conditions, with 
the sun in front of the cameras, high or low on the horizon, during the 
evening as well as during the day, with high or low contrast. 

At night-time the system's behavior is improved by the absence of sun­
light reflections and shadows, whilst the area of interest is constantly illu­
minated by the vehicle headlights. 

One of the problems, which is now being solved through shadowing de­
vices and a light polarizing filter, is the light's reflection within the internal 
surface of the windscreen, as shown in figure 8.1. Figure 8.2 shows some of 
the typical effects of this reflection. 

Finally, the system proved to be surprisingly robust despite the high 
temperatures measured during the tour: in some cases the external tem­
perature reached 35 °C and the system continued to work reliably even 
with no air conditioning. 
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Fig. 8.2 The reflection problem: (a) image with no reflections; (b) image with a strong 
reflection; (c) over-saturated image due to reflections on the windscreen. 

8.1.7 The data transmission system 

The transmission of data (both images and textual information) through 
the GSM network provided by the Telecom Italia Mobile, TIM, cellular 
company was performed throughout the whole tour. Generally, the route 
was satisfactorily covered. The main problems were met during the presence 
of tunnels (excluding the tunnels between Firenze and Bologna, which are 
almost completely covered) and in the mountainous stretch of highway of 
the Appennine hills between Pescara and Roma. As an example, figure 8.3 
shows the behavior of the GSM connection on the route between Brescia 
and Ferrara. 
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Fig. 8.3 GSM coverage on the route between Brescia and Ferrara. 

8.2 Statistical Analysis of the Tour 

The analysis of the data collected during the tour allowed the computation 
of a number of statistics regarding system performance (see table 8.1). In 
particular, for each stage of the tour the average and the maximum speed 
of the vehicle during automatic driving were computed. The average speed 
was strongly influenced by the heavy traffic conditions (especially on Torino 
and Milano's by-passes) and by the presence of toll stations, junctions, and 
road works. 

The automatic driving percentage and the maximum distance auto­
matically driven show high values despite the presence of many tunnels 
(particularly during the Appennines routes Ancona-Roma and Firenze-
Bologna) and of several stretches of road with absent or worn lane mark­
ings (Ferrara-Ancona and Ancona-Roma) or even no lane markings at all 
(Firenze-Bologna). It is fundamentally important to also note that some 
stages included passing through toll stations and transiting in by-passes 
with heavy traffic and frequent queues during which the system had to be 
switched off. 
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Table 8.1 Statistical data regarding the system performance during the tour. 

Maximum distance in auto matic [km] 
Percentage of automatic dr iving 

[km] 

Maximum speed [kr n/h] 
iving 

[km] 

Average speed [km/h] 
n/h] 

iving 
[km] 

Kilometers 

n/h] 
iving 

[km] 

Stage Date Dept. Arrival 

n/h] 
iving 

[km] 

1 1 s t June Parma Torino 245 86.6 109 93.3 23.4 
2 2nd June Torino Pavia 175 80.2 95 85.1 42.2 
3 2nd June Pavia Ferrara 340 89.8 115 86.4 54.3 
4 3 r d June Ferrara Ancona 260 89.8 111 91.1 15.1 
5 4 t h June Ancona Roma 365 88.4 108 91.1 20.8 
6 5 t h June Roma Firenze 280 87.5 110 95.4 30.6 
7 6 th June Firenze Parma 195 89.0 123 95.1 25.9 

8.2.1 Detailed analysis of one hour of automatic driving 

Figure 8.4 shows the system behavior during one hour period of time (from 
7pm to 8pm on 2nd June 1998) of the tour's third stage (approximately 
90 km from Verona to Ferrara). The following items are shown in figure 8.4 
from top to bottom. 

The selected functionality: during this period of time the system 
always worked in automatic mode except in 4 situations indicated 
with A, B, C, and D, in which: 

- A) ARGO passed through two tunnels (near Vicenza); 
- B) the system at the end of an overtaking maneuver did not 

recognize the lane markings due to an occlusion; 
- C) and D) the vehicle passed two working areas with no lane 

markings. 

In the first two cases, the system switched back to manual driving 
automatically and warned the driver; whilst in the other two cases 
the system was switched off manually. It is important to note 
that in correspondence to these 4 situations the logged data (apart 
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Fig. 8.4 System behavior during one hour of automatic driving. 

from speed) is meaningless. The images dumped on disk in these 
occasions are shown in figure 8.5. 
The vehicle position on the lane: ARGO made a number of lane 
changes, moving from the rightmost lane to the central lane and 
vice versa (ARGO was running on a 3-lane highway). 
The distance between the right wheel and the right lane markings 
(in centimeters). It can be noted that during lane changes the 
distance alters abruptly; when the vehicle position is again central 
with respect to the new lane, the systems locks onto the new lane 
and the distance returns to the nominal value. The selected value 
of the distance is 80 cm. 
The steering wheel angle automatically chosen by the system. It 
is possible to note that this angle is proportional to the distance 
shown by the previous graph, with the only exception of the peaks 
due to lane changes. 
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Fig. 8.5 (a), (b), (c), and (d) images dumped in the anomalous situations A, B, C, and 
D respectively. 

• Finally, the speed of the vehicle. It is possible to note the low 
speed in the situations identified by C and E respectively, due to 
road works and driving on a junction (between highways A4 and 
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A13, in which is also visible an evident movement of the steering 
wheel). 

8.3 Discussion 

This section summarizes the main problems that lowered the system perfor­
mance. As mentioned above, the presence of tunnels and long bridges, when 
combined with strong sunshine, produces very contrasted shadows and sun 
spots. In order to adjust the value of the automatic gain control, the cam­
eras compute the average brightness of the whole frame. This produces 
poor results when the scene is highly contrasted as shown in figures 8.6. 

Fig. 8.6 The problem of high contrast: (a) exit from a tunnel; (b) long bridge; (c) short 
bridge. 
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Highly contrasted scenes were mainly found in the situations explained 
above (tunnels and bridges), but also when passing on different patches 
of asphalt (usually a new dark grey and an old light grey one), as shown 
in figure 8.7. In the same figure a strong reflection within the internal 
windscreen surface -which produces a high image saturation- is also visible. 

Fig. 8.7 The saturation problem: two different asphalt patches produce a highly con­
trasted scene which, along with a strong reflection on the windscreen, saturates the 
image. 

Figure 8.8 shows a situation in which the system had a major fault: a 
vehicle occluded the visibility of the right lane marking in correspondence 
to a highway exit. Since the only visible lane marking was the continuous 
line representing the exit, the system followed that line, therefore requiring 
a user intervention. Since the GOLD system does not include the possibil-

Fig. 8.8 Situation which caused a system fault: a vehicle occluded the visibility of the 
right lane marking in correspondence to an exit. 

ity of automatically choosing whether to stay on the highway or to exit, a 
user intervention was always requested at each exit. This explains why the 
percentage of automatic driving was high even when the maximum distance 
driven in automatic was not that long (see table 8.1). Other user interven-
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Fig. 8.9 Situations in which the system demonstrated good reliability: (a) horizontal 
road signs; (b) fog markings; (cj exits; (d) heavy traffic; (e) guard-rail. 
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tions were required in correspondence to toll stations and road works. 
Another serious problem happened in a stretch of road just after the 

conclusion of road works: on the ground were still present the lines that 
were painted to delimit the diversion and, as a result, the vehicle followed 
those lines. 

The system demonstrated high robustness with respect to the follow­
ing: horizontal road signs (figure 8.9.a) and fog markings (figure 8.9.b); in 
presence of forks, junctions, and exits (figure 8.9.c); heavy traffic conditions 
that were encountered mainly on the Torino, Milano, and Roma's by-passes 
(figure 8.9.d); and the presence of the guard-rail (figure 8.9.e). 

Moreover, also high temperatures, different light conditions (the third 
stage of the tour terminated during the night), and high speeds (up to 
120 km/h) did not influence the stability and robustness of the whole 
system, both for hardware and software. The vehicle only experienced a 
slightly oscillating behavior in correspondence to sloping stretches of road. 

Finally, a few minor problems experienced during the tour were: a power 
failure due to an overloading of the power supply, interference of an on­
board cellular phone with the cameras and acquisition board, and some 
human errors in the use of the control panel. 
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Chapter 9 

Closing Remarks 

The experience gained during these years of work within the ARGO project 
clearly highlighted some of the main problems of automatic driving, whilst 
the extensive use of the ARGO prototype helped to find their most promis­
ing solutions. 

The main aims that were established at the beginning of the project 
were achieved, namely the development of a prototype vehicle and its use 
as a test-bed for both the hardware and software aspects of the project. 
The results were extremely rewarding: the MilleMiglia in Automatico tour 
was followed through the Internet by a large number of researchers, press 
agencies, and people in general worldwide. Thanks to these results, the 
group of the Universita di Parma contributed to the research activities on 
ITS carried out by the international scientific community. 

The main aspects of future research within the ARGO project, phase II, 
are related to the development of a new vehicle integrating both road fol­
lowing and platooning functionalities. The critical analysis of the results of 
the MilleMiglia in Automatico tour as well as the experience gained during 
the last few years will allow dealing with the main problems encountered, 
in order to build a more robust prototype. 

The topics presented in this book have a strategic importance nowadays, 
since active safety systems are being considered by automotive industries 
as a basic feature of vehicles of the future. All aspects related to ITS 
are covered in the series of IEEE Intelligent Vehicles Symposia and IEEE 
Intelligent Transportation Systems Conferences. To witness this high in­
terest, lately -for the reader's further reference- a number of special issues 
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202 Closing Remarks 

have been dedicated to this subject, such as IEEE Intelligent Systems Mag­
azine [21], Engineering Applications of Artificial Intelligence Journal [20], 
Real-Time Imaging Journal [24], and Image and Vision Computing Journal 
(currently being printed). Furthermore, due to the high impact that these 
topics will have on life in the future (including both social and economical 
aspects) a new IEEE Transactions is going to be launched soon and it will 
be dedicated to ITS topics. 
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Appendix A 

Morphological Implementat ion 
of the DBS Filter 

In this appendix the rule for the external edge will be considered, assuming 
step n in the iterative process. Recalling the Mathematical Morphology 
notations used to identify a grey-tone two-dimensional image, the DT image 
is a subset of E3: 

DT = {de E3 \d= (u,v), v = V{u), Vu 6 E2} , (A.l) 

where u represents the position of element d in E2, and v represents its 
value. 

The pixelunse masking operation between a binary and a grey-tone im­
age is defined as a function as follows 

0 : E 2 x £ 3 - > E3 (A.2) 

such that A © B represents a subset of B containing only the elements 
b — (u,v) whose position vector u G E~ also belongs to A: 

AoB = {x€ E3 \x= (u, v) G B, u € .4} (A.3) 

In order to compute the the £T ' s minimum value in the specified neigh­
borhood, let us consider image Ke" 

R'(n) = fS(n) 0 DT^ ,j ^5(n) 0 L j ^ ( A 4 ) 

where S{
e
n> represents the binary image at step n, the subscript e indicates 

that the rule for the external edge is being considered, and finally 

L = {I £ E3 | I = (u, A), Vu G E2} . (A.5) 
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206 Morphological Implementation of the DBS Filter 

As shown in [70], in order to compute the minimum value of a grey-tone 
image Kl

e
n) in a 4-connected neighborhood, the following grey-scale mor­

phological erosion should be used: 

M(n) = K(n) Q Q , (A.6) 

where 

Q = {(1,0,0); (-1,0,0); (0,1,0); (0,-1,0)} , (A.7) 

as shown in figure A.l. 

Fig. A.l Structuring element Q. 

In order to determine the set of elements in which Me(n) has a value 
smaller than DT, a new function M is required: 

M : E3 x E3 -> E2 . (A.8) 

Such a function is defined as 

M(A,B) = {x€E2| V(A,x) < V(B,x)} , (A.9) 

where V : E3 x E2 -* E is defined as 

V(A ) = I a if 3a G £ | (1,0) eT{A) 
[ 'X) ~ { -00 otherwise (A.10) 

In equation (A.10), T(A) represents the top of A [70], defined as follows: 

T(A) = {t G A, t = (tt,u) I flt' = {x?v') 6 4 for which v' > v} . (A.ll) 

The set of elements which will be included in set S{
e
n+l) is given by the log­

ical intersection between M{M(
e
n),DT) and the set of elements belonging 
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207 

to the external edge of S[
e
n}: 

£<"> = x ( A / ( " > l J D T ) n B e ( S ' ^ ) ) . (A.12) 

Therefore, the final result of iteration n is given by 

5(n+l) _ gin) u E(n) ( A 1 3 ) 

Figure A.2 shows the execution of an individual iteration of rule 1 on a 
mono-dimensional image profile. 

Following similar steps, it is possible to formalize rule 2. In order to 
compute the DT's maximum value in the specified neighborhood, let us 
consider an image K\n' 

K\n) = S\n) © DT , (A.14) 

where the subscript i indicates that the rule for the internal edge is being 
considered. As shown above, in order to compute the maximum value 
of a grey-tone image K\n in a 4-connected neighborhood, the following 
morphological dilation should be used: 

M(n) = K(n) 0 Q ( ( A 1 5 ) 

where Q is shown in figure A.l. 
The set of elements which will be removed from set S\n is given 

by the logical intersection between MiM^ ,DT) and the set of elements 
belonging to the internal edge of 5 s

n : 

£<"> =M{M\n),DT) n B i ( ^ n ) ) . (A.16) 

Therefore, the final result of iteration n is given by 

5(n+i) = ^ p u £;(»)) = 5<") n £ p . (A.17) 

Figure A.3 shows the execution of an individual iteration of rule 2 on a 
mono-dimensional image profile. 
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208 Morphological Implementation of the DBS Fiiter 

Fig. A.2 Mono-dimensional stretching in the case of an external edge. 
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Fig. A.3 Mono-dimensional stretching in the case of an internal edge. 
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Appendix B 

PAPRICA-3 
Programming Environment 

This appendix describes the programming environment developed to ease 
prototyping of PAPRICA-3 applications. Programs are written in C++; a 
code generator first converts C++ statements into assembly code; subse­
quently, optimization is performed on the generated assembly code. 

B. l Low Level Programming Language 

Within a generic assembly instruction (called morphological instruction) 
two single-bit operations, a morphological one applied to a given MOR 
and a logical one applied to the previous result and a second given register 
(MOR or LOR), can be performed in sequence. The result (1-bit) is placed 
in a third register: 

R(25) = MATCH R(12) OR R(7) A given match is performed 
on R(12), the result is 
ORed with R(7) and stored 
in R(25) 

The assembly instructions are coded into fixed-length 32-bit words, 
where the first 5 bits are reserved for the operation code. Nevertheless, 
some instructions may need a number of operands whose total length ex­
ceeds 27 bits; this is the case of morphological instructions (where the com­
plete matching template, the logical operation, the destination, and the 
two source registers must be specified) and conditional jumps (where both 
the condition and the new absolute memory location must be specified). 
These instructions are split into two separate ones. In the former, a first 
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212 PAPRICA-3 Programming Environment 

TEMPLATE instruction is used to set the matching template which is used 
by all the following morphological operations: 

TEMPLATE -,-,l,-,-,l,l,l,-,-,l,-,- ;sets the 13 values 
;corresponding to 
;the enhanced 3x3 
;matching template 

R(18) = MATCH R(5) ;performs the match on 
;register R(5) 

In the second case, conditional jumps are split into two adjacent instruc­
tions: the former evaluates the condition and sets a flag. In case the flag is 
evaluated as true, the latter is executed; otherwise the latter is treated as 
a NOP instruction. 

ON M > 5 ; e v a l u a t e s the cond i t i on and s e t s the f l a g 
BRC <address> ;jumps i f the condi t ion was eva luated as t r u e . 

;otherwise BRC i s t r e a t e d as a NOP 
; i n s t r u c t i o n 

This solution is particularly efficient for the conditional execution of any 
other instruction: for example, 

ON M <= 7 ;the morphological i n s t r u c t i o n 
R(6) = MATCH R(5) AND R(8) ; i s executed only when 

;M <= 7 

This approach also allows easy testing of the combination of two or more 
conditions, as shown in the following example: 

ON <Conditionl> ;test condition 1 
ON <Condition2> ;test condition 2 

<INSTR> ;execute instruction 

Instruction INSTR is executed when both Conditionl and Condition2 
are evaluated as true and when Conditionl is evaluated as false, namely 
(dnc2)u^". 

Although loops can be implemented with conditional jumps, when the 
number of iterations is known at assembly time, the FOR-J construct can 
be used*. It has been introduced both to improve performance and shorten 
the code. 
*A single counter "J" can be used, therefore no nested constructs are allowed. 
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High Level Programming Language 213 

FOR J=0 TO 7 DO 2 ;Repeat the following <2> 
R(7) = R(7) OR R(9+J) ; instructions with counter 
R(20+J) = R(9+J) AND R(3) ;J running from 0 to 7 

PAPRICA-3 features many other assembly instructions. These range 
from the communication amongst not directly connected PEs, to the direct 
acquisition and output of images from a camera and to a monitor via a ded­
icated I/O bus. Nevertheless, the detailed description of these instructions 
is not presented here since it is not relevant to the following discussion. 

B.2 High Level Programming Language 

The intrinsic complexity of Assembly language, especially when combined 
with the SIMD computational model, produces a low programming effi­
ciency. A high-level programming language, together with a software tool 
used for the generation of its corresponding Assembly code, were needed to 
ease the development of software applications. 

Different solutions were considered, ranging from the development of 
a completely new ad-hoc language to the use of a code generator. Some 
considerations led to the choice of a code generator based on the C+-I-
object oriented language: its only drawback is the low-level of optimization 
achievable in a single pass (generally compilers use two passes). 

The main disadvantage of a compiler-based solution lies in the need for 
a complete definition of a new language, which must be able to handle not 
only parallel statements, but also some other sequential functions (such as 
serial operations, data I/O, input of data from the user, memory manage­
ment, etc.) which are of basic importance although not dealing with the 
specific SIMD extension. Conversely, a code generator may inherit these 
capabilities from the chosen high-level language and as a result its imple­
mentation is considerably less complex than the former. Moreover, in this 
second case the efficiency in the development of applications is significantly 
increased, since the programmer does not have to learn a new language 
but only its parallel extensions. Furthermore, the use of an object oriented 
language eases the programmer's task since the operands acting on the new 
objects can be used intuitively by the application programmer thanks to 
the possibility of overloading known operators (such as '+', '- ', ' * ' . . . ) . 

As shown in figure B.l, the whole sequence of operations required to 
build a PAPRICA-3 Assembly program is as follows: first the extended 
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214 PAPRICA-3 Programming Environment 

C++ code is written and compiled; then the executable code obtained is 
run and the PAPRICA-3 Assembly code is generated. The generation of As-
sembly code was preferred with respect to the generation of binary machine 
code, thus requiring a further processing step (PAPRICA-3 Assembler) to 
get the final binary code. This choice allows a faster and more efficient 
debugging of the code-generation functions, as well as a simpler implemen­
tation of the following global optimization step, since in the Assembly code 
comments are also automatically included to ease program comprehension. 
Moreover, since PAPRICA-3 has been conceived as a real-time image pro­
cessor, a code optimizer is needed to further improve the generated code. 
Finally the PAPRICA-3 Assembler is used to produce the binary machine 
code. 

B.3 Assembly Code Optimization 

The optimization process is divided into two main steps: a deterministic 
one, performed on the initial assembly code, and a stochastic one, iterated 
on the result of the previous step's result. The first step is used to reduce 
both execution time and code size and exploits well known traditional op­
timization techniques [2]; on the other hand, the stochastic step tends to 
improve the efficiency of the Assembly code exploiting the pipeline struc­
ture's characteristics, the specific instruction set, or, more generally, the 
intrinsic parallelism of each instruction [121]. This process is driven by the 
user's choice regarding the cost function: execution time, code size, or a 
given combination of both. 

B.3.1 Deterministic optimization 

This first step is aimed at applying rules that will certainly lead to shorter 
and faster versions of the program. The techniques used are: Invariant 
Code Motion, and Removal of Jumps. 

B.3.2 Stochastic optimization 

Since in the optimization phase no data is available, data-dependent branches 
cannot be solved (no branch prediction is made here). For this reason, the 
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Fig. B.l The whole sequence of operations required to build a PAPRICA-3 executable. 
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216 PAPRICA-3 Programming Environment 

code is divided into blocks, which are defined as code segments without 
data-dependent conditional control-flow constructs. Each block is opti­
mized independently from the others: a first module of the optimizer tool 
splits the code into blocks, and sends them to independent processes in 
charge of the optimization, as shown in figure B.2. Finally the optimized 
blocks are re-assembled and the final program is generated. 

Fig. B.2 Block diagram of the stochastic code optimization. 

Each block is optimized following an iterative stochastic approach (as 
opposed to traditional [45] polynomial solutions [8,17]): at the i-th iter­
ation, N(i) new programs are generated by the consecutive application 
of R(i) rules (drawn randomly from a given set) to each program of the 
(i — l)-th generation. The ones performing better than a given thresh­
old T(i) are kept and will form the i-th generation, while the others are 
discarded. 

Since the population at the first iteration is composed of only the orig­
inal block, at the beginning of the process (when i is small) the number 
of rules applied, R(i), is high, therefore allowing a large spreading of the 
initial population. As soon as i becomes large, the number of rules ap­
plied to the same block decreases to 1, for a fine tuning of the solution (see 
figure B.3.a). 

Figure B.3.b shows a qualitative behavior of threshold T(i), which, 
starting from a value twice as large as the cost featured by the initial 
program, decreases linearly with i (the slope of T(i) determines the conver­
gence speed). This implies that at the beginning of the iterative process (i 
small), solutions with a cost higher than the initial can be kept (this is of 
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Fig. B.3 Exemplifying behavior of (a) the number of rules applied consecutively to a 
single block, (b) the threshold T(i) as a function of the iteration number i. 

fundamental importance so as to escape from local minima), while, in the 
following iterations, a threshold limits the number of candidates and only 
keeps the best solutions. At each iteration the block used to generate the 
new population is also included in the evaluation process, in order to avoid 
jittering from the optimal solution that may have been eventually detected. 
The number of iterations of the stochastic process and the slope T(i) is a 
function of the length of the block to be optimized: in the first version its 
dependence is inversely proportional to the iteration number. 

The performance of each new program is determined using PiPE, a tool 
that allows the determination of the performance of a code segment (i.e. the 
number of clock cycles required for a complete run). Upon initialization, 
PiPE reads a description of the processor's internal architecture, such as 
pipeline structure, structural, data, and control hazards [71], as well as the 
instruction set encoding. Then the list of instructions of a given block is 
sent to the PiPE tool, which computes and returns the total number of 
clock cycles required to run that segment of code. 

Each rule can move, modify, add, or remove instructions. Every action 
is fully reversible, thus allowing to return to the original state. The elemen­
tary rules used are: Instruction Scheduling, Instruction Alignment, Loop 
Fusion and Breaking, Loop Unrolling and Rolling, Instruction Fusion and 
Breaking, Multiple Assignment Removal, Common Subexpression Elimina­
tion, and Registers Reallocation. 
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218 PAPRICA-3 Programming Environment 

B.3.3 Parallel implementation of the code optimizer 

Since the major drawback of a stochastic approach regarding code optimiza­
tion is the high computational power (in terms of both memory and CPU 
time), a parallel version of the optimizer has been developed. The parallel 
version's development began with the analysis of the system's requirements 
and performance: 

• the CPU time spent in the evaluation of the performance of a given 
segment of assembly code is up to 90% of the overall CPU time; 

• the higher the number of iterations, the better the quality of the 
result, but also the larger the amount of memory required. 

Different approaches regarding the development of the optimizer's par­
allel version were considered (code splitting and assembling is anyway a 
serial step which is performed by a single master processor). The approach 
followed in developing the current parallel version (using standard MPI li­
braries) is based on the distribution of the performance evaluation step only: 
a master processor splits the code into blocks and generates new blocks to 
be evaluated. The new blocks are queued and sent to different processors 
for the evaluation of their performance. When a processor completes the 
evaluation phase, it returns the number of clock cycles to the master node 
and signals its availability to evaluate a new code segment. Due to the 
different computational power required by (i) the evaluation phase (90%) 
and (ii) the rest of the processing, this approach balances the load even in 
the case of a non-homogeneous cluster of nodes. 
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Appendix C 

Global Communications 
on PAPRICA-3 

On an SIMD system every PE performs the same operation using the set 
of data available in its neighborhood; this corresponds to the execution 
of a Cellular Automata-based operation [42,56], as shown in figure C.l.a. 
Figure C.l.b and C.l.c show a set of data transfers between not directly 
connected cells: these kind of non-local data transfers are called global com­
munication.. In the first case (figure C.l.b), the distance between source 
and destination processors is the same for every PE and thus several shift 
operations allow the performance of all communications simultaneously, us­
ing the available PE interconnections. Conversely, figure C.l.c shows a set 

Fig. CM Different kinds of interprocessor communications in a mono-dimensional case. 

of communications whose source-destination distance is different for each 
PE. These kind of communications can be efficiently performed by the 
ICN network, but in general the ICN cannot perform all global commu-

219 
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220 Global Communications on PAPRICA-3 

nications simultaneously. As an example, figure C.2.a presents a set of 

Fig. C.2 Example of line-wise communications on a 16 PE linear architecture. 

communications which cannot be performed concurrently since the ICN 
bus is composed of a single-bit communication line which can be eventually 
partitioned into independent segments thanks to the set of switches. Each 
PE can be the source of one or more communications, but obviously it can 
be the destination of a single communication only. Therefore this process 
must be serialized in independent steps, each step involving only the com­
munications that can be performed concurrently. An algorithm is therefore 
required in order to determine the optimal partitioning of the set of commu­
nications into the smallest number of subsets. As an example, an optimal 
partitioning of the set shown in figure C.2.a is depicted in figure C.2.b. 
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Concurrent Communications on the ICN 221 

C. l Concurrent Communications on the ICN 

A system composed of a set of N processing elements pj, with 
j = 0 , 1 , . . . ,N — 1 is considered. Each processor can send or receive data 
over the ICN communication line, that can be eventually partitioned into 
independent segments thanks to N switches, each driven by a single pro­
cessor (see figure 5.3). A communication C(a,b) between processor pa and 
Pb, with a < b (where pa is not necessarily the source and pb the des­
tination), requires the allocation of a portion of the communication line: 
more precisely the cluster of adjacent processors \pa,Pa+i, ■■ ■ ,Pb\ must 
be allocated and uniquely reserved to that communication. 

Two communications (or their corresponding clusters of processors) 
C(a, b) and C(d, e) can be ordered, the ordering rules being as follows: 

C{a,b) < C{d,e) <£=> a < d ; 
C(a,b) = C{d,e) <=> a = d ; (C.l) 
C(a,b) > C(d,e) <=$■ a>d. 

Two communications C(a, b) and C(d,e) are said to be adjacent iff d = 6+1. 
Two communications C{a, b) and C(d, e) are said to be compatible iff there 
is no overlapping between their two clusters of processors, i.e.: 

lp<i,Pa+l, ■ • • ,Pb] (~){pd,Pd+l, • • • ,Pe] = 0- (C.2) 

Therefore, C(a,b) and C(d,e) are compatible iff: 

b<d , when C(a, b) < C(d,e); 
e<a , when C(a, b) > C(d,e); (C.3) 

and cannot be compatible if C(a,b) = C{d, e). 
Following these definitions, a set of communications is said to be com­

patible if any couple of its elements is also compatible. 
Two adjacent communications C(a,b) and C(b + l,e) are compatible 

and can therefore be performed simultaneously; in the following discussion, 
for the sake of simplicity, they will be replaced by a single communication 
C(a,e). In the example of figure C.2, C6 = C(9,12) and C9 = (7(13,14) 
are replaced by Ce,$. 

Two communications C{a,b) and C(d,e) sharing the same source pro­
cessor (C3 = C(5,8) and C5 = C(5,9) in the example of figure C.2) can 
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222 Global Communications on PAPRICA-3 

be performed simultaneously, and are therefore replaced by a single com­
munication (C3,5) which requires the allocation of the cluster of processors 
{Pmm(a,d), • • •, Pmax(t,e)}, given by the union of the two original clusters. 

Given a set of s communications Ci = C(a;, &,•) with i = 0 , 1 , . . . ,s — 1, 
each processor pj is assigned a value mj < s which represents the number 
of times the allocation of the processor itself is requested by the whole set 
of communications d. The maximum value w = maxj mj is called the 
multiplicity of the set of communications C,. In the example of figure C.2 
it is w = 3. 

It is obvious that a set C; with multiplicity w cannot be exhaustively 
partitioned into q non-overlapping (with null intersection) sets of compati­
ble communications, when q < w. 

Theorem: 
Given a communication line with N processing elements pj, j = 0,1,..., TV— 
1, and given any set of s communications C,, i = 0 , 1 , . . . , s — 1, with multi­
plicity w, it is always possible to partition exhaustively the set of commu­
nications Ci into w non-overlapping sets of compatible communications. 

Proof: 

Let us consider the following set M of processors, defined as: 

M = ipj mj = w, with j = 0 , 1 , . . . ,2V - l ] . (C.4) 

In general, M is formed by h > 0 adjacent clusters of processors: 

M = < p „ 0 , p » 0 + i , P » 0 ) P « t . P » 1 + l . . . ■ , P n , ■ • • , ■ • ■ ) P « n _ i » P » ) , _ i + l . ' ■ ■ ,Pyh 

Cluster #1 Cluster #2 Cluster #ft 
(C.5) 

where h = C(M) is called connectiveness of set M. 
Each cluster of processors Tk = \pXk,pXk+x,... ,pyk \, with 

k = 0 , 1 , . . . , h — 1, detects a subset Hk of communications Ci such that: 

Hk = {Ci = C(o i ,6 i ) |{a 1 , a i + l l . . . 1 Jn}nTfc ? *0, (C.6) 

for each i = 0 , l , . . . , s - 1 , with k — 0 , 1 , . . . ,h — 1 . 
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Concurrent Communications on the ICN 223 

Since two adjacent communications are handled as a single communica­
tion, the allocation of two adjacent processors pj andp J + i with m,j = rrij+i 
is requested by the same set of communications. As a result, the allocation 
of processors ipIk,pXh+1,... ,pVh\, with k - 0 , 1 , . . . ,h-1 of cluster Tk is 
requested by each one of the elements of Hk ■ 

In the example of figure C.2, it is: 

M = |P2,P3,P12,P13,P14J i 
h = 2 ; 
#o = {C 0 ,C 1 ,C 2 } , and ff, = {c 6 , 9 ,C 7 ,C 8 } . 

The proof (by induction) is divided into 3 steps: (a) first the theorem 
is proven for h = 1, (b) then for ft = 2, and finally (c) assuming it valid for 
ft = 1,2,. . . , n — 1 it is proven for h — n. 

(1) ft = l: 
in this case, C1 is formed by just one of the elements of H0; the mul­
tiplicity of the remaining set of communications C2 is then reduced 
by 1;D 

(2) h = 2: 
when h = 2, two different cases arise: 

(a) the intersection between H0 and ifi is not null; 
in this case C1 is formed by just one of the elements of the 
intersection between H0 and Hi; the multiplicity of the re­
maining set of communications C2 is then reduced by 1. □ 

(b) the intersection between Ho and Hi is null; 
in this case H0 and H\ represent two disjoint sets of communi­
cations, with connectiveness C(H0) = C{H\) — 1, which have 
been previously considered in step (a) (when h = 1). □ 

(3) h = n: 
two different cases arise: 

(a) the intersection amongst the n sets Hk, with k = 0 , 1 , . . . , n-1 
is not null; 
in this case C1 is formed by just one of the elements of the 
intersection amongst the Hk sets; the multiplicity of the re­
maining set of communications C2 is then reduced by 1. □ 
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224 Global Communications on PAPRICA-3 

(b) the intersection amongst the n sets H)., with fe = 0 , 1 , . . . , n — 1 
is null; 
in this case the n sets can be partitioned into two disjoint sets 
H' and H", with connectiveness C(H'), C(H") < n, whose 
independent partitioning is assumed as demonstrated by the 
induction process. □ 

Corollary: 
It is always possible to determine a partitioning of any set of s communi­
cations Ci with multiplicity w in two disjoint sets where the former is a set 
of compatible communications (a set with multiplicity 1), and the latter is 
a set with multiplicity w — 1. 

Discussion: 

(1) The major result is that the only parameter that influences the 
communication time is w, which is anyway somewhat dependent 
on s. However, it does not necessarily follow that an increment in 
the number of communications s corresponds to an increment in the 
set multiplicity w. In the worst case (namely when all compatible 
sets are formed by a single communication) it is w = s, but in 
general it is w < s. 

(2) Since the determination of the w sets of compatible communica­
tions requires the complete knowledge of the whole set of commu­
nications, it can be performed by an external processor, for ex­
ample a front-end host processor. As a result, this mechanism is 
extremely efficient in the simulation of pyramidal interconnections 
between the PEs [27,129], in the emulation of the non-uniform im­
age sampling of the human visual system [99,161], or, in general, 
in the solution of problems involving a fixed set of communica­
tions known at compile time, since the determination of the sets 
of compatible communications is performed off-line. Conversely, 
its effectiveness decreases in the communication of values whose 
source and/or destination processors are known only at run-time, 
since the determination of the sets of compatible communications 
must be performed at run-time. 

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 2
60

1:
28

2:
70

0:
6b

90
:5

05
4:

63
cf

:a
8f

2:
87

b6
 o

n 
12

/2
2/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



Determining the Sets of Compatible Communications 225 

w = 0; 
for (i-=0; i<s; i++) label [: L] 
repeat { 

w++; 
for (i = =0; i<£ i; i++) { 

C.2 Determining the Sets of Compatible Communications 

The algorithm used by the front-end to determine the w sets of compati­
ble communications is directly derived from the corollary discussed above 
which states that with single scanning it is possible to split the set of s 
communications (with multiplicity w) into a subset of compatible commu­
nications and a set with multiplicity w — 1; the problem is thus solved after 
to iterations of the above procedure. Figure C.3 shows the algorithm used 
to determine both the multiplicity w of the initial set and the w sets of 
compatible communications. 

count = 0; Reset the counter of already labeled 
communications. 
Set the initially unknown multiplicity w to 0. 

; Mark all communications as unlabeled. 
Repeat for each subset. 

Scan all communications. 
if ( ( ! l abe l [ i ] ) &fc ( c [ i ] i s compatible with set [w]) ) { 

If the i-th communication has not been labeled 
yet and if it is compatible with the current 

l abe l [ i ] = w; ui-th set, then label it 
count++; and increment the counter of already labeled 

communications. 
} /* if ♦/ 

} /* for */ 
u n t i l (count==s); Loop until every communication has been 

labeled.  

Fig. C.3 The algorithm used to determine the w sets of compatible communications. 

As explained above, the execution of a single data transfer between a 
source and as many destinations as required needs the exclusive allocation 
of a cluster of adjacent PEs. Therefore, for each set of compatible commu­
nications, the following three different binary constants (image lines) are 
defined. 

Source: specifying the PEs which act as sources in the current set of com­
munications. 

Path: defining the grouping of PEs; since each PE drives a switch that 
connects itself to its left neighbor, the leftmost PE in a cluster 
must hold a zero value. 

Destination: identifying the destination PEs which must read and store 
in their local memory the value collected from the ICN network. 
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226 Global Communications on PAPRICA-3 

The algorithm used to perform the whole set of s communications (w cycles) 
is shown in figure C.4. 

r e s u l t = 0; Reset the final result since each partial result 
(one for each set of compatible communica­
tions) will be accumulated in OR. 
Loop over the w cycles. 
Reset all non-source PEs, keeping only one 
bit for each cluster. 
Send the value of s over the ICN, configured 
according to path. 
Store in d the final status read from the ICN 
network. 
Accumulate in OR only the values collected 
from the ICN which correspond to destina­
tion PEs. 

for ( i=0; i<w; i++) { 
s = source[ i ] & input ; 

commout s , p a t h [ i ] ; 

commin d; 

output |= d & d e s t i n a t i o n [ i ] ; 

} 

Fig. C.4 The SIMD algorithm used to perform multiple global communications over 
the ICN. 

Figure C.5.a and figure C.5.b present an oversampling and an under-
sampling mapping respectively; in both cases the data movements can be 
exhaustively partitioned into 3 subsets of compatible communications (re­
quiring 3 cycles of communications). 

Fig. C.5 Two cases of line-wise global communications used by IPM: (a) oversampling 
and (b) undersampling. 
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