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ABSTRACT 

Video-based Driver Assistance Systems (ADAS) are a promising and challenging field of work within the 
Intelligent Transportation System framework. The Grupo de Tratamiento de Imágenes is a research group that 
has an structured view of vision-based applications, including video-based ADAS. The most important project in 
which the group is involved regarding ADAS is the I-WAY project. Recently, a first release of a complete ADAS 
solution of the project has been finished. Its architecture and more important sub-modules are described in this 
document, as well as its performance under real situations. The evolution of the system is being currently 
carried on as a research line to introduce advanced processing alternatives, such as the networks of Smart 
Cameras (SC) into the ADAS systems. 

1. INTRODUCTION - RESEARCH LINES AT GTI (GRUPO DE TRATAMIENTO DE IMÁGENES) 

The Grupo de Tratamiento de Imágenes (GTI) [Image Processing Group] is a research group working on 
theory, methods, and applications of Digital Image Processing, mainly for compression and analysis. Besides 
specific developments on image related topics, GTI also considers research on complete systems where image 
processing is a major part like visual communications, real time computer vision, and multimedia telecom 
applications. GTI has developed facilities and toolkits for the design and implementation of image related 
application systems, which are organized into a structured architecture based on a building block approach. 

The GTI was established in 1981 and now belongs to the Departamento de Señales, Sistemas y 
Radiocomunicaciones of the E.T.S. Ingenieros de Telecomunicación of the Universidad Politécnica de Madrid. 
Its teaching activity covers Digital Image Processing, Television, Image Encoding, Computer Graphics, 
Telecommunications Systems and Technology of Digital Video. 

The more recent projects in which the group has been working, both national and international, are related to 
three main research lines: (i) Computer vision, (ii) Video coding and (iii) 3D graphics and multimedia. 

The next section enters into some details about the computer vision area of the group, which is structured 
around the concept of vision-based systems. Video-based ADAS systems, which will be described in full detail 
in further sections, are classified inside this framework as a specific research line covering dynamic outdoor 
scenarios. 

1.1. COMPUTER VISION 

The group works in the so-called vision-based systems, which may be described as any system that “extract 
and analyze meaningful data of a determined environment under analysis by processing images captured from a 
set of cameras”. 

Most applications that acquire video sequences of a real situation and produce a formatted output fall inside 
this description: e.g. video surveillance systems, 3D modelling, objects detection and tracking, event 
recognition, etc. 

A simple but clear first classification of this group of systems may be given by the type of camera settings: 
i.e. single or multiple cameras, which are static or mobile. This classification gives four general types of camera 
settings: 

• Single static camera: covering PTZ and fixed cameras, indoor and outdoor scenarios. This is the case 
of traditional video surveillance systems. 

• Single mobile camera: the camera is mounted on a vehicle or a robot, which moves with respect to a 
static environment (such as a road or a room). 

• Multiple static cameras: for example, at indoor scenarios this may be “smart rooms” (where the 
calibration allows detecting and tracking 3D points). An example of outdoor scenario is a set of 
cameras installed in the road infrastructure of a motorway. 
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• Multiple mobile cameras: from stereo pairs mounted on a vehicle or a robot to a fleet of vehicles that 
cooperates in a processing network. 

Most traditional vision systems fall inside these four categories, but many others arise if the concept of smart 
cameras network is introduced. The group is currently involved in the Smart Vision project, which deals with 
smart cameras networks. The main challenge of the project is to define a global architecture for cooperating 
networks of smart cameras which share processing tasks and collaborate in different ways. 

First, a Smart Camera (SC) may be defined as a camera with processing and communication capabilities, 
which may process locally completely or partially the sequence of images that is acquiring, and then transmits 
the required information to a central node or to other SCs. Three processing levels are defined: 

• Autonomous: each SC works independently from the other SCs, extracting all possible information 
from its own captured images, and taking decisions according to the objectives of the task. 

• Centralized: SCs send processed information to a central node that will analyze it, process it further if 
required and take decisions according to specific task. 

• Collaborative: intermediate and final processing results at each SC can be communicated to other SCs 
to be used to customize, improve and contextualize image and video analysis and encoding techniques. 
Besides, this operation can be combined with centralized processing to improve overall system 
performance. 

Within this framework it is very easy to extend the scenarios and describe more complex applications that 
may make use of combinations of the abovementioned processing levels and camera settings. The more 
interesting research lines are those that for example combine, in a collaborative processing network, a set of 
fixed cameras with a single or multiple mobile cameras installed in robots, or vehicles. 

The expertise of the GTI covers all the necessary research areas involved in such vision-based framework. 
There has been, and still goes on, an important effort on enhanced 2D segmentation techniques [1] [2], 2D 
tracking via multiple cue descriptors [3], and 3D tracking in centralized networks [4]. There are also several 
works related to 3D reconstruction [5] and the associated autocalibration techniques. The research on mobile 
environments is mainly related to safety applications, such as the video-based ADAS described in this 
document, which has been an important research line for the group since years and is now more active than ever 
with the I-WAY project. A lot of research work has been guiding the development of the video-based ADAS, 
published in a number of international conferences [6]-[13]. 

Finally, in this environment, fusion of information coming from other sensors is a must. The combination of 
multiple sensing systems enhances the performance of any system that tries to obtain reliable information from a 
determined environment. For example, vision systems, radar, laser, or GPS are nowadays fused successfully 
within the I-WAY project creating a multi-sensing platform that covers an increased set of scenarios where 
single sensing systems (the video system, or the radar by their own) may fail.  

The research work in the line of mobile cameras and dynamic environment modeling is mainly concentrated 
within the I-WAY project, which is introduced in the following sections, as well as its field of work (the 
Intelligent Transportation Systems). 

2. INTRODUCTION: INTELLIGENT TRANSPORTATION SYSTEMS 

This section covers a general introduction to Intelligent Transportation Systems (ITS), specifically in vision-
based Advanced Driver Assistance Systems (from now on, ADAS), and a specific technical work related to 
computer vision techniques applied on real-time video-based ADAS.  

The work shown here is a contribution of the Grupo de Tratamiento de Imágenes (GTI) - Universidad 
Politécnica de Madrid to the field. The framework is the European Commission 6th Framework Program under 
project IST-2004-027195 (I-WAY: Intelligent co-operative system in cars for road safety) [14]. In this project, 
the GTI is responsible of the video-based ADAS solution.  

1.1. INTELLIGENT TRANSPORTATION SYSTEMS  

Enhancing safety and decreasing the number of accidents are the two main targets of ITS by means of 
inserting technology into the road infrastructures as well as inside vehicles. 

The applied technologies range between database management systems, GPS navigation, traffic light 
control, video-based traffic monitoring and surveillance, plate recognition systems, radar systems for speed 
estimation, driver status evaluation systems, obstacle detection on-board systems, lane departure warning 
systems, etc. 
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There is currently a great effort at different levels of the ITS: industry, research, universities, costumers, etc. 
Particularly, one of the more promising fields is the so-called ADAS. They are usually composed by an 
acquiring sub-system, based on different sensors getting signals from the environment and the driver, a 
processing phase, which delivers warnings to the driver or to other systems. These systems represent the first 
steps towards full (intelligent) automatization of vehicles, which is, nowadays still a utopia due to the lack of 
reliable technology, investment, an appropriate legal framework and, finally, the acceptance of the end users. 

These days, ADAS offer the leading solutions for the drivers, increasing the comfort and safety through 
interactive digital maps, automatic cruise control, lane departure warning, obstacle detection, security distance 
warning, personal traffic information, etc. 

In this vast research area, computer vision and, particularly, video analysis, plays a key role, representing the 
most advanced ADAS with a promising future ahead. 

2.2. ADVANCED DRIVER ASSISTANCE SYSTEMS 

ADAS are present in a large sub-set of European research projects related to ITS [14] [15]. They are based 
on image processing and computer vision strategies implemented into embedded systems inside the vehicle. 
These systems are usually composed by a digital signal processor (DSP) embedded with other modules, such as 
the communications, the GPS processor, CANBUS, etc., connected to a set of cameras that capture the 
environment around the vehicle and a processing stage which takes these images and generates information 
useful for the driver. The environment depends on the application: it may be the road ahead (for Lane Departure 
Warning Systems (LDWS), Obstacle Detection, etc.), so that the cameras are installed looking forward, near the 
rear mirror, in the windscreen; there are also systems that use backward looking cameras (to assess overtaking 
manoeuvres) and looking to the driver (for driver status surveillance).  

Two main issues must be considered for any vision-based ADAS: (i) Real-time performance and (ii) 
Robustness against variable environment conditions. 

Real-time is a must. ADAS systems are thought to provide information to the driver in time. Therefore, 
according to the type of information, the ADAS systems may have to process all the information coming from 
the cameras and deliver an output in just a few milliseconds. In the case of LDWS, the expected response time 
must be in line with the time the driver has to correct the trajectory of the vehicle before going out of the lane (it 
may vary, but typically less than 500 ms). For other applications this time is even lower, such us obstacle 
detection, safety distance keeping, etc. For commercial solutions, specific HW platforms are installed in the 
vehicle. Low power consumption forces embedded HW to be used. In the case of image processing solutions 
this requirement limits the complexity of the algorithms to use, which must be implemented into dedicated 
DSPs. 

As far as robustness is concerned, the road environment is the more complex scenario for image processing 
applications as it is extremely variable. It may be classified as uncontrolled dynamic outdoor, as it is affected by 
variable illumination and weather conditions, acquiring with a non-static camera installed inside a moving 
vehicle and running on unknown environments.  

As an example, Fig.1 shows a set of images typical from video-based ADAS. As it is shown, the main 
problem is that the environment is dynamic, in the sense that the camera is moving with respect to a static world 
(e.g. the road), that contains moving elements, such as the other vehicles. Some of these features are commented 
here: 

o Lane markings: The difficulty introduced by this element is that they may appear in different 
configurations (single line, discontinuous, narrow, wide, etc.), and that they could be partially or 
completely occluded by vehicles. 

o Variable road color: the color of the road may be variable, i.e. the pavement could be new (usually 
darker), old (clearer), or changing. 

o Tunnels and bridges: it is a typical element of a motorway to have tunnels and bridges that modify 
temporarily the illumination conditions and may affect the camera's automatic gain control. 

o Variable illumination conditions: during any trip, even when it is not too long, the illumination 
conditions may vary dramatically: the position of the sun is different according to the orientation of the 
road, causing very different reflections and intensity levels of the pixels of the images. 

o Image quality: computer vision strategies usually work using high quality images. Variable image 
quality is a good indicator of system performance when subject to external restrictions (cost of 
equipments, bandwidth of transmission, processing capabilities of processors, installation requirements 
of size or weight, etc.). 
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o Image stability: the cameras are installed inside the vehicle, which has an inherent instability with 
respect to the road. These vibrations and movements cause sudden movement of the scene captured by 
the camera. The vanishing point of the scene may vary also due to changes in the road geometry. 

 

 

 

 
Figure 1. Image examples of road scenes illustrating some of the elements that make the environment under analysis 

extremly variable. 

3. I-WAY VIDEO-BASED ADAS  

The GTI is the responsible partner of the design and development of the video-based ADAS of I-WAY 
system.  The complete input-output functionality description of the video-based ADAS is depicted in Fig. 2. The 
inputs of the system are the sequences of images captured by the cameras that are installed inside the vehicle. 
The input interface acquires sequentially each image when the processor is ready for the next frame, delivering 
it appropriately filtered: i.e. uncompressed, rescaled, rotated and de-interlaced if needed.  

Figure 2. Functional Architecture of Video-based ADAS. 

The core of the system, namely the processing stage, contains a set of sub-modules which process the input 
images and extract useful data from them. Basically, the obtained data is a model of the environment of the 
vehicle. These sub-modules are the following: pre-processing, perspective analysis, segmentation, lanes 
modelling and objects detection. 

The output interface just format the obtained information into a suitable form that is understood by further 
processing modules, such as an intelligent decision system, that takes the road model and detected vehicles data 
and decides if the described situation may represent a risk for the driver. 

Video Source Input Interface Video Processing Release 1

Functional Architecture Video Processing Release 1
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In the following sub-sections, the main sub-modules depicted in Fig. 2 are described. 

3.1. PERSPECTIVE ANALYSIS 

The main objective of this sub-module is to remove the perspective effect from the images and estimate the 
position of the vanishing point of the image, which is afterwards used to generate a rectified image of the road in 
which computations are much easier. 

Inherently to any image acquisition process there is a perspective effect that may be partially removed with a 
single transform, usually called inverse perspective mapping (IPM) or plane to plane image warping. This 
transform delivers a bird-view image, which can be parameterized to show the desired stretch of road ahead, as 
shown in Fig. 3. The procedure to generate stabilized IPM images is fully explained in [11]. 

 
(a) (b) 

Figure 3. Inverse Perspective Mapping: (a) original image; (b) the resulting image warping. 

Although inverting the perspective effect is mathematically impossible, the IPM transform provides a bird-
view image of the road, which facilitates the tasks of road modeling and vehicle detection. Removing the 
perspective distortion allows simplifying some elements, as for example: 

• Lane markings are parallel in IPM images, and may be modeled very accurately as second order 
curves, enhancing the accuracy of curve detection. 

• Lanes appear as having the same width (when they are the same width in the real world). 

• The relative speed and distance of vehicles within IPM images are the actual (up to scale) 
magnitudes of the real vehicles in the road (within perspective images, distances and speed suffer 
non-linear distortion).  

3.2. SEGMENTATION 

The segmentation of the image of the road scene considers that pixels belong to three different types of 
elements (categories) within any road-plane image: 

• Pavement: "clear gray" area of the road. 

• Lane markings: "white" paintings on the road.  

• Dark objects: "dark gray" elements, such as the lower part of the vehicles, or their wheels. 

• Unknown: those regions of the image that do not fit to the three previous categories. 

FigureFig. 4 shows the resulting three-levels segmentation for an example image. As it is shown, the 
segmentation is applied on the road plane image after the image warping is computed. In the segmented image, 
"clear gray" pixels are those likely belonging to the pavement of the road, "dark gray" pixels are the ones likely 
belonging to the dark areas of the vehicles (mainly the wheels and the shadow casted on the road). Lane 
markings are shown in "white" pixels, while the "black" pixels are those that have not been classified as 
belonging to any of the three previous classes, and then remain in "unknown" status. 

The objective of the segmentation is to provide a first separation of these elements, in a simple and fast way. 
This result is fed to the following modules (lanes modelling and objects detection), trying to deliver to them a 
standard segmented image, for any type of road color, types of vehicles, types of lane markings, etc. This way, 
the white pixels will be used by the lanes modelling module to model the lanes and their properties, as well as 
the ego-position of the vehicle. "Clear gray" pixels are used to hypothesize the presence of pavement and then 
the presence of lanes within the image, while "dark gray" pixels points out the presence of vehicles within the 
scene. 
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The segmentation algorithm is based on the Bayesian decision theory, defining a parametric multiple-class 
likelihood model of the road, from which pixels are univocally classified into one category, with an associated 
probability of error. Confidence measurements about the correct performance of the segmentation are also 
provided to further modules, which make use of them to generate confidence measurements about lanes 
modelling and objects detection. 

 

 
(a) (b) (c) 

Figure 4. Segmentation model: (a) image plane; (b) road plane, and (c) four-levels segmentation 

3.3. LANES MODELING 

The resulting segmented image is used to analyze the position, the form and the motion of the lane markings, 
so that the road is modeled according to the geometry of the lanes it contains. The lanes modeling module 
analyzes these images and determines, as higher level information, the position of the own vehicle within its 
lane. It also monitorizes lane change maneuvers.  

The problem is easily described as a dynamic linear system, and solved with a Kalman filter defined by the 
following state-space equation: 

 

where the state vector, , contains the information of the horizontal position of the lane markings as well as 
their instantaneous velocities, the transition matrix, , is a position-velocity model, and the input control, , 
automatically controls the position steps given by the lane changes maneuvers. A full explanation of the Kalman 
filter procedure, including the description of the measurement process is given in [9]. 

After tracking the position of the lane markings, the next step is to extract information about the geometry of 
the lanes. At this stage, the curvature of the road is analyzed, as well as the presence of adjacent lanes. In the 
rectified domain, the circumference arc curve model shows enough accuracy whereas simplicity in its 
computation. The circumference is governed by the following equation: 

2 2 0 

Where the center is the point (-A, -B), and the radius is √ . The coordinates of each pixel 
belonging to the lane markings, , , are then used to compose a over-determined system from which the 
estimated curve is obtained in a least squares error sense: 

2 2 1

2 2 1
 

where n is the number of points used to fit each curve. More details about curve fitting are given in [10], where 
a robust solution is provided, avoiding outliers to affect the accuracy of the model stage. 

Once the own lane has been estimated, the adjacent lanes are hypothesized to be at left and right of the own 
lane, with same width. The verification of these hypotheses is performed checking the percentage of pavement 
pixels (those classified as belonging to the pavement in the segmentation stage) contained at each hypothesized 
lane. Any suitable threshold value may be used to finally determine if a lane is existing or not. Full details of the 
multiple lane model extension are given in [7]. 

The result of all the above mentioned sub-stages is a road model which contain information about the own 
lane, the position of the own vehicle inside it, the motion inside the lane, the geometry of the lane markings (in 
terms of curvature) and the presence of adjacent lanes based on a hypothesis-verification step. Fig. 5 shows a 
few pictures depicting the model. As it is shown, the lane changes are detected, as well as the curvature of the 
road and the number of lanes within it. 
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(a) (b) (c) 

Figure 5. Performance: (a) multiple lane model with curvature; (b) two-lane model under rain, and (c) multiple-lane model 
under rain, handling a change of lane. 

3.4. VEHICLES DETECTION AND TRACKING 

In this work, an object of interest (i.e. concerning safety purposes) is defined as any moving or stopped 
vehicle in the road. It will be considered that such an object is detected, whenever it is possible to extract 
reasonably well its position relative to the position of the own vehicle. 

During the design of this module, several approaches have been traced to address the issue of vehicle 
detection. Solutions based on ego-motion estimation, transformation to the road plane, feature extraction or 
motion estimation through optical flow, have been addressed. A combined solution using several of these 
approaches has been selected for the final design. The final solution operates combining the analysis of the 
original image with that on the road plane image (the IPM image). The former gives a complete view of the 
scenario ahead the vehicle but introduces a pernicious distortion effect due to perspective. The latter, in turn, 
removes the undesired distortion effect, at the expense of losing detail during the transformation. To overcome 
the intrinsic limitations of both domains, a solution has been designed that combines them and takes advantage 
of the potentials of each approach. Full details of the approach are given in [6]. 

3.5. PERFORMANCE AND IMPLEMENTATION DETAILS 

The described system has been tested for a wide variety of situations and operational conditions. The 
performance has been proven to be good and robust for all situations, when the quality of the image is 
reasonable. This includes also low visibility and night conditions, with a small impact on the performance. In 
order to obtain numerical figures, two sets of sequences have been tested. The first set comprises sequences that 
entail typical scenarios, such as low/medium traffic density, clear painted lane marking and smoothly varying 
illumination conditions. The second set comprises sequences that involve more complex situations, for instance, 
dense traffic, abruptly varying illumination conditions or tunnels. Average detection rates of 98% and 91% 
haven been achieved for the typical and the complex scenario respectively. These numbers reveal the 
outstanding robustness of the system, which ensures a detection of over 90% in adverse situations. 

Operation in real-time is achieved in a general purpose PC, working at 2 GHz, with 1024 MB of RAM 
memory in a CoreDuo processor. A frame rate over 12 fps is obtained for images with a resolution of 360x256 
pixels. The system adapts itself dynamically to the environment complexity and thus to the processing load 
imposed by the image. The first release of the solution has been designed as a single camera system, which 
feeds a single processor. Once the performance of the computer vision strategies has been shown, the 
implementation stage into a release 2 has started. The objective is to fit the vision-based system into the concept 
of SC networks described in the introduction of the document. The steps done are the re-design of the solution 
to cope with multiple cameras (initially two, a stereo-pair), with autonomous processing capabilities (a 
dedicated DSPs that locally processes the images) and communication between them to extend the processing 
level to a collaborative processing network of SC. 

4. CONCLUSIONS 

In this document the main research lines of the GTI have been introduced. The concept of the SC networks 
allows a structured description of vision-based applications which leads the research activities within the group. 
Special emphasis has been given to the video-based ADAS systems, which fall inside the mentioned framework 
in the area of mobile cameras, describing dynamic outdoor scenarios. The technical solution presented is the 
result of several works carried out under the I-WAY project, providing a robust and functionally stable solution 
for real driving situations. The resulting first release and further ones have attracted the interest of car 
manufacturers, such as FIAT, which, in collaboration with its research center CRF (Centro Richerche Fiat) is 
planning future activities in the field with the GTI. 
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The solution is based on a robust and adaptive segmentation, using a Bayesian decision framework to 
classify pixels operating on rectified images stabilized upon the automatic estimation of the vanishing point of 
the scene. The main advantage of the proposed strategy is the robustness against different illumination 
conditions, the variation of the color of the road, in terms of homogeneity of the pavement intensity level and its 
contrast with other elements, such as lane markings or vehicles. A very accurate vehicle detection strategy is 
carried out, working in the road-plane domain, hence linearizing the estimation of positions and simplifying the 
detection of appearing and disappearing vehicles. The result is a road model that gathers information about the 
own lane and adjacent lanes, such as the horizontal position of the vehicles inside lanes, the widening of lanes, 
and their geometry. A calibration procedure allows computing Euclidean distances and sizes upon the 
assumption that the visualized stretch of road is flat. 

The evolution of the current release is focused towards the re-design of the system to cope into the 
collaborative SC network concept. The main idea is the inclusion of multiple SC inside the vehicle, with 
processing capabilities locally, as well as communication capabilities so that intercommunication between the 
SCs of the network allows a challenging collaborative processing environment which will dramatically enhance 
the performance of the system as well as its functionalities. 

Finally, the fusion with other sensors, apart from vision system, is also considered in the research lines of the 
group. Automatic guidance of robots of vehicles demands a combined effort of video processing with laser or 
radar systems. The goal is to create a multi-sensorial acquiring system that outperform the capabilities of single-
sensor systems as well as increasing the accuracy and reliability of the results by using data fusion strategies. 
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