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C O V E R  F E A T U R E

Researchers are considering unmanned-vehicle tech-
nology for many other applications. Ever-increasing per-
sonnel costs are prompting consideration of the
technology for agricultural, demining, rescue, and other
dangerous applications. There would be a decrease in
the number of individuals put at risk and an increase in
operational efficiency if a vehicle could move
autonomously, plant seeds, enter mine�elds, or perform
dangerous missions. However, most common and
attracting the most industry interest is the automation
of road vehicles.

PRECOMPETITIVE RESEARCH
On the heels of military organizations� first experi-

ments with ground and aerial applications, academic
and private research centers started a precompetitive
research stage for intelligent-transportation systems
(ITS). National and international organizations
launched programs to reduce traffic congestion and
increase safety. Among the initiatives were

� the US�s Mobility 2000 and Automated Highway
System,

� Japan�s Road/Automobile Communication System
(RACS) and Advanced Mobile Traf�c Information
and Control System (Amtics), and

� Europe�s Drive and Europe-Wide Network for
Market-Oriented Research and Development
(Eureka) programs.

more on supervised systems and advanced driver assis-

tance systems (ADAS).

At the same time, research on UGVs has slowed, since

industry and governments no longer view UGVs as a

primary strategic area of investment. Transportation

departments worldwide are concerned with social, eco-

nomic, or environmental objectives aimed at enhancing

fuel and road network efficiency and quality of life. 

Recently, the automotive industry’s success with ADAS

has induced the military to reconsider its ground-�eet-

automation goal. DARPA took a considerable step for-

ward with its 2004 and 2005 Grand Challenges

(www.grandchallenge.org), which drew entrants from top-

level research institutes competing for seven-figure prizes.
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storms, high brightness, low contrast, sharp shadows,
direct sunlight and re�ections, absence of ground refer-
ence, or unknown terrain slope. 

The automotive research group�s experience sug-
gested the approach we used to solve the artificial-
vision problem. We preferred a simple method that we
could easily use with the snowcat�s simple processing
engine.

Following the approach that drove development of the
pioneer prototypes, we considered alternative strategies
to evaluate different algorithmic solutions. The �rst solu-
tion we investigated was based on traditional feature-
extraction techniques and exploited available libraries and
previously developed experience. We
also tested an innovative approach
based on an evolutionary technique.
The second solution con�rmed the
applicability to vision for vehicles of
this emerging technique, which still
constitutes a hot research topic. 

We demonstrated the vehicle on a
test site in the Italian Alps and in real
environmental conditions in Antarctica. Track detection
succeeded in different situations even in the presence of
noisy or critical conditions such as shadows, sun re�ections,
unknown terrain slope, and dark objects.

Real-world lessons
At the time VisLab developed these projects, intelli-

gent prototypes commanded the interest of only a few
far-seeing groups. For example, VisLab alone conceived,
designed, implemented, and financed ARGO. On the
other hand, other research centers invested a large
amount of money in innovative and risky research on
unexplored topics.

Environmental noninvasiveness dictated the decision
to use only passive sensors to perceive the surroundings
in both the road and Antarctic environments. 

Because we envisioned deploying ADAS in common
road vehicles, sensor cost was a main concern in the
ARGO project.

We chose low-cost standard processing hardware for
these projects, completing the entire MilleMiglia in
Automatico Tour with a 200-MHz Intel Pentium-based
system. We believe that these and other projects of a sim-
ilar age taught the scientific community that it could
begin considering commercial hardware to perform
vision-based automotive tasks.

We developed stand-alone software applications
aimed at realizing specific driving functionalities for
these projects, basing the software on three main mod-
ules: data acquisition, image processing for feature
detection (lane markings, obstacles and vehicles, tracks),
and output to devices for warning the driver or actua-
tors. These applications represent the core from which
a complex software framework subsequently evolved.

The ARGO and RAS vehicles provided two of the �rst
prototypes with intelligent capabilities to be demonstrated
in the �eld. Confronting the real world, the vehicles faced
problems such as re�ections and road construction, tem-
perature variations, interference from real vehicles, and
human-machine interface issues. Becoming aware of such
problems and solving some of them were the test�s main
accomplishments.

SUPERVISED SYSTEMS 
Following the outcome of the precompetitive phase

and the achievements of the pioneer projects, and as sen-
sors and processors evolved, the automotive industry

developed an interest in intelligent
vehicles. Because full automation is
highly complex, researchers con-
tinue to pursue initiatives aimed at
developing supervised, rather than
fully automated, systems. Car man-
ufacturers are pushing in the ADAS
direction in an effort to reach this
new market early. 

Full automation will require governments to address
legal and liability issues. In addition, complete automa-
tion of civil transportation requires a new infrastructure
and a thorough redesign of mobility. But governmental
agencies have a high interest now in road safety, envi-
ronmental protection, and sustainable mobility. For
instance, the eSafety initiative that the European
Commission launched in 2002 aims to reduce the num-
ber of road fatalities in half and have driving-assistance
systems in one-�fth of cars by 2010. Governments are
also trying to regulate and standardize such systems.

Some supervised systems are already commercialized
or close to market. These systems address the simplest
aspects of driving. They�re based on the most elemen-
tary or settled sensing technologies, or a combination of
the two, and feature basic output. Examples are maneu-
ver assistants, blind-spot detectors, lane-departure warn-
ings, and enhanced night vision. Conversely, researchers
must further assess the most complex systems, such as
protecting vulnerable road users or stop-and-go driving.

Research now focuses on three main streams:

� applying emerging technologies that are available at
an affordable cost, such as infrared cameras for night
and day vision or laser scanners for robust all-
weather obstacle detection;

� using multiple sensors with complementary charac-
teristics and capabilities and fusing their data to
obtain a more reliable system; and

� engineering systems that have been previously tested
and demonstrated as effective.

Developing robust and reliable prototypes that can be
transformed into products remains a challenge for

Full automation 

will require governments 

to address legal and

liability issues.



researchers. For example, products need quick and auto-
matic sensor recalibration during system operation.

Current VisLab research
VisLab developed several research prototypes based

on different technologies in collaboration with auto-
motive partners and research centers.

Vulnerable road users’ protection. One research
area that already appeared promising at the beginning
of this decade is protecting vulnerable road users. In
this field, VisLab has been collaborating with the
Volkswagen research center to develop a prototype
pedestrian-detection system for precrash or driver-assis-
tance applications. 

We used thermal infrared as the
main sensing device, since it seems
promising for pedestrian applications.
However, we�ve also investigated
near-infrared, along with speci�c illu-
minators, because they�re less expen-
sive. We�ve considered fusing the
system with radar to add strength.

Preventive safety. Europe�s APALACI-PReVENT
project aims to develop and demonstrate preventive
applications and technologies to improve road safety.
In this framework, VisLab is working with Volvo to
develop a start-inhibit system for large trucks. The
system uses stereo vision to detect the presence of
pedestrians or obstacles in the forward blind spot,
warning the driver and preventing the vehicle from
taking off.

Within the same European project, we�re also collab-
orating with the Fiat research center to develop a road-
obstacle-classification system based on the fusion of
radar and monocular vision. The system is aimed at clas-
sifying vehicles, guardrails, and pedestrians.

Enhanced vision. A further collaboration involves
Hella, a large German automotive supplier, dealing with
using near-infrared headlights and cameras for obstacle
localization.

The automotive industry is also demonstrating inter-
est in driver-assistance applications based on color
vision. Although color entails the analysis of a larger
quantity of raw data, current digital signal processing
technology makes it viable. As an example, we�re work-
ing for a large Italian automotive supplier, Magneti
Marelli, on a project using color vision for road-sign
recognition.

Military applications. Leading-edge technologies are
feasible for military applications, in which expense is less
of an issue. For example, VisLab collaborated with the
vetronics group of the US Army�s Tank Automotive
Research, Development and Engineering Center
(TARDEC) to deploy a four-camera system, named
tetravision, to improve safety in robotic vehicles. Initially
developed as a daylight stereo-vision system to localize

human shapes, tetravision now features simultaneous
use of far-infrared and visible-camera stereo pairs. The
main idea is to exploit the advantages of both far-infrared
and visible cameras.

We�re also designing another night vision application
for military operations for Oshkosh Truck Corp.

According to the general trend, we applied the fusion
of multiple sensors in all these investigations to obtain
robust systems. All these projects generally share the
need for a real-time software system that can acquire
data from different vehicle sensors and perform play-
back in the laboratory for algorithm development. Each
project needs speci�c data acquisition procedures.

We�ve developed a complex soft-
ware framework featured by several
acquisition modules tailored to dif-
ferent devices: the vehicle CAN bus,
a variety of cameras, other sensors
such as radars and laser scanners,
and a network �le system and disk
acquisition for laboratory postpro-
cessing. We integrated the driving-

functionality applications into this framework as
plug-ins, allowing the system to be used as a laboratory-
development environment for the algorithms and as the
ADAS software engine on the prototype vehicle.

We exploited multithreaded processing to boost per-
formance overlapping data acquisition, processing, and
output. We used graphical software libraries and hard-
ware acceleration to enhance the visual output. This
software framework provides an easy tool for use in pro-
totyping many applications in the automotive domain
and has provided the base for all the current and future
projects in our laboratory.

A NEW PUSH TOWARD UGVS
As automakers deploy the first supervised systems, 

the military is demonstrating a renewed interest in
autonomous vehicles. For example, the US Department
of Defense plans to automate one-third of ground mili-
tary forces by 2015. In addition, DARPA organized the
2004 and 2005 Grand Challenges, two long races for
autonomous ground vehicles, and, in 2005, the German
Federal Armed Forces held the Land-Robot Trial to
demonstrate autonomous or semiautonomous vehicles.

DARPA offered a $1 million prize to the winner of
the 2004 Grand Challenge and $2 million to the 2005
winner to boost the development and fielding of
autonomous robotic vehicles. The price was a winning
idea, since much of the development was auto-�nanced
or externally sponsored. DARPA�s investment paid off
in the teams� results. The 2004 race drew 100 teams,
and the 2005 competition attracted 195. Moreover,
DARPA let teams select their own sensing devices and
technology, allowing the exploration of various solu-
tions. DARPA�s evolutionary approach let entrants test
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different solutions so that the most effective approach
won.

Taking place in the inhospitable Mojave Desert and
requiring computing engines that could operate continu-
ously without human intervention, the races forced teams
to address reliability and performance in extreme envi-

ronments. In particular, the races required systems that
could perform in high temperatures and dusty conditions.
Teams selected reliable sensors, placing them in positions
where accidents or rocks were less likely to damage them.
The systems also required cleaning devices to keep sensors
free of dust, water, mud, and other debris.

VisLab at the Grand Challenge

Claudio Caraf� and Stefano Cattani
VisLab, Università degli Studi di Parma

VisLab, together with Oshkosh Truck Corp. and Rockwell
Collins, developed and successfully “elded TerraMax, an
autonomous vehicle that reached the “nish line of the 2005
DARPA Grand Challenge. TerraMax uses arti“cial vision, laser
scanners, GPS, inertial sensors, and map databases to sense
and understand its environment.1VisLab developed its vision
system for obstacle detection and drivable path sensing.

TerraMax•s three-camera system allows precision and
ef“cient computation at a wide range of viewing distances.
The cameras sit on a rigid bar over the vehicle hood. By
selecting two cameras at a time, the system can get stereo
pairs with different baselines„that is, intercamera distances.

During the DARPA Grand Challenge, TerraMax selected the
baseline based on vehicle speed. Higher speeds required
greater sensing distances and thus wider baselines.We devel-
oped image stabilization to overcome vehicle oscillations
from off-road environment terrain bumps.

The system relies on a two-step approach for full 3D
stereo reconstruction.The “rst step exploits V-disparity image
properties to stabilize images. The V-disparity images are 3D
graphical representations of the similarity measures between
left and right image rows depending on the shifts used to
compare them.2 V-disparity images contain basic information
about the ground•s position and shape, taking slope changes
into consideration. In this way, the system can estimate the
vehicle•s pitch at the time of acquisition and stabilize images.

As a second step, using the information about the ground,
the system addresses the correspon-
dence problem by computing a 
disparity search image (DSI).The
correspondence problem is the
process of “nding which pixel in the
left image matches which pixel in the
right image of a stereo image pair. We
compute the DSI using small con-
frontation windows to allow detection
of thin obstacles that other sensors
missed. We apply a series of “lters 
to the DSI, highlighting disparity 
concentrations that are detected as
obstacles.We compute the obstacle
3D world coordinates via stereo
triangulation. Figure A shows an 
example of this process.

Code optimizations exploited the
processors• MMX and Streaming
SIMD Extensions (SSE) instruction set.
During the DARPA Grand Challenge,
obstacle detection ran with a guaran-
teed 15-Hz throughput, although it
could perform the entire computation
within 30 milliseconds on a Pentium IV
using a 2.8-GHz processor system,
allowing other image-processing rou-
tines to run on the same machine.

Along with obstacles, the vision
system also provides drivable path

Figure A. Obstacle detection for different scenarios.The color of the obstacles varies with 

distance.The images on the right map the obstacles in a bird’s eye view.The camera’s field of

view is plotted in green.




