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Chapterr 1 

Introduction n 

1.11 Intelligent transportation systems 
Inn the 18tli century, the first vehicle which moved under its own power was build (and 
knockedd down a stone wall on its test drive in Paris). This vehicle was designed by 
Cugnott and constructed by Brezin in 1769 and had a top speed of a littl e more than 
33 kni/h. It was designed to move large pieces of artillery through the cobble stone streets 
off  Paris. 

Sincee then, technological and social developments led to today's dominant place of 
personall  vehicles, trucks and busses in modern society. The almost continuous increase 
inn number of vehicles sold every year, in countries like the Netherlands, underlines this 
success. . 

However,, since 1769 we have constantly been confronted with negative consequences 
andd side effects of vehicles. Governments and manufacturers have been struggling with 
issuess like traffic accidents, pollution, etc.. By means of rules, infra-structure, road and 
carr design they tried to control the negative consequences. In an attempt to reduce the 
numberr of vehicles on the road, vehicle-related taxes were introduced and increased and 
alternativee means of transportation were promoted. 

Nowadayss reality teaches us that new solutions are required. Intelligent Transporta-
tionn Systems (ITS) embodies a modern, more drastic attempt to address the vehicle 
relatedd problems we are facing today. Programs developed in the field of ITS aim to 
improvee the transportation of persons and goods over land. By means of (partially) 
automatingg driver tasks and by means of communication (vehicle-to-vehicle as well as 
rofidside-to-vehicle)) ITS aims to: 

 increase the capacity of highways: higher speed, doner spacing, less humun triors 

 improve safety: warning systems, intelligent, speed adaptation1. less Iranian errors 

 reduce fuel consumption: optimal speed, optimal acceleration, reduced, drag force 
(platooning).(platooning). cost reduction 

 reduce pollution: (direct consequence of first and third item) 

'Lundd University in Sweden: apply active traffic signs to temporarily control the veliiele speed. 

1 1 
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Solutionss for ITS can be clarified as 'road-side intelligence' and 'in-car intelligence". 
Road-nidee intelligence concerns infra-structure management and traffic management. 
Road-sidee intelligence systems provide vehicles with more global information about their 
environmentt or destination. Examples are systems that report about traffic flow, report 
forr traffic accidents and highway maintenance, dynamic navigation systems or systems 
thatt provide parking space information. 

In-carr intelligence systems consider the environment immediately around the vehi-
cle.. They can be ordered according to the level of autonomy of the vehicle. First we 
identifyy the advisory and warning systems where the driver remains in complete con-
trol.. Examples are systems for blind spot monitoring [7]. collision warning, pedestrian 
warningg [5]. lane-departure warning [3], traffic sign recognition [5] and driver monitoring 
[10].. The next category can be classified as driver-assistance systems, where some con-
troll  is handed over to the vehicle. Typical examples are the adaptive cruise control [7], 
systemss for collision avoidance. lane-keeping (RALPH project: Carnegy Mellon Univer-
sity;; MarVEye: Universitat der Buudeswehr Germany) and precision docking, assistance 
systemss for lane change/merge (PATH: University of California) or active traffic signs 
(MASTERR project: Lund University: TNO et al.). Last and most complicated is the 
groupp of fully automated vehicle systems. Within this group we recognize e.g. low speed 
automation,, stop-and-go (Daimler-Benz Research [5]), platooning (PATH: University of 
California;; CHAUFFEUR: joint European project) and autonomous driving (eventually 
inn segregated areas) (NHAA: Carnegy Mellon University; ARGO: University of Parma). 

Today'ss implementations mainly concern advisory and warning systems. Examples 
aree navigation-assistance systems, blind-spot monitoring (for trucks) and adaptive-cruise 
control.. More advanced systems gradually become available as expensive gadgets. The 
highh price restricts them (for now) to the market of trucks, busses and luxury cars2. 

Fullyy autonomous vehicles are still limited to segregated areas. Besides the techno-
logicall  challenge to realize robust and safe operation in the rough real world of traffic, 
social,, physiological and legal issues are involved. More autonomy for the 'machine' can 
bee frightening to some, due to lack of understanding or faith. Others enjoy very much 
thee activity of driving a vehicle yourself (or the power it provides). The question about 
responsibilityy is also not unimportant. Examples of automated vehicles in the Nether-
landss are the automated container carriers from ECT in Rotterdam (1993) and the people 
moverss (1097: Schiphol: 1999: the Revium project). 

Thiss thesis addresses a fundamental aspect for in-car intelligence systems. Based 
onn observations of an in-car camera system, we want to determine the motion of other 
vehicless around us. relative to our own motion. The leading example of such a system, 
whichh is used tlirouglnji.it this thesis, is an augmented digital rear-view mirror. 

*hbrr example: the $1995 nighttime driver-assistance system for General Motors Cadillac <le V7"ill . 
Tln.Tiriall  radiation of objects is observed by an infra-red camera and projected onto a head-up display. 

http://tlirouglnji.it
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1.22 An augmented digital rear-view mirror 

Ann augmented digital rear-view mirror should inform the driver if an intentional steering 
actionn is unsafe. This task requires information about the relative motion of other vehicles 
aroundd us. To retrieve this information a diversity of sensing devices can be used. Most 
importantt sensors for motion estimation are laser-based sensors, (millimeter-wave) radars 
andd cameras. The first two sensor types provide motion information directly. Millimeter 
wavee radar can measure energy reflected from distant targets within a narrow field of 
view.. If properly placed, a single radar can rover multiple lanes. Mainly longitudinal 
informationn is provided by such a system. Another disadvantage of these active sensors is 
potentiall  interference among sensors of the same type. Laser-based sensors are in general 
moree accurate compared with radar but also much more expensive and less robust to rain 
andd fog. An important practical advantage is their independence of lighting conditions. 

Camera-basedd (passive) sensors provide a larger amount of data. Lateral information 
cann be obtained with high resolution for a wide viewing angle. Besides motion, visual 
featuress like e.g. texture, shadow and color can be exploited. These additional clues can 
bee applied in the process of motion interpretation, but also enable other in-car applica-
tionss such as lane detection and traffic sign recognition. Drawback of the large quantity 
off  information is that it usually takes more effort to distinguish between relevant and 
irrelevantt data (resulting in a higher computational load). Compared with laser/radar, 
longitudinall  information is provided in an indirect way. Another issue of visual sensors 
iss of course their limited capabilities under poor visibility conditions (heavy fog, direct 
sunlight,, dusk/night). 

Inn this thesis we explore the possibilities of a camera,-based system, given the large 
scopee of applications. To obtain robustness under poor visibility conditions, camera 
informationn can be fused with information provided by other sensors (infrared image 
sensors,, or laser/radar). 

AA general problem statement, common for the issues addressed in this thesis, is given 
inn the next section. 

1.33 Observing motion with a mobile camera 

Wee consider a world in which an observer is moving together with other, independently 
movingg objects. Both observer and objects are typically vehicles moving on a highway. 
Withh a camera, firmly attached to the observer, information is obtained about the static 
backgroundd and the objects. The observer motion (or egomotion) in the static world is 
denotedd by the translational velocity vector T e go and the angular velocity vector f l e g o. 
Objectt motion is denoted by the translational velocity vector T0bject-

Wee observe a point p on an object. We are interested in the motion this point relative 
too our own motion (i.e. relative to the nodal point of the camera). This relative motion 
iss denoted by Tr ei = Tobj ect - Te g o. We define an observer co-ordinate frame (A*. V. Z). 
withh origin at the nodal point of the camera. The Z-axis of this frame corresponds to the 
viewingg direction of the camera. The motion of point p. relative to the observer frame is 
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describedd by the well known Coriolis equation: 

PP — i object ~ T e go — S2ego x P 0 - l ) 

Thee relative motion of this point is observed by the camera as a projection of the 
motionn vector p on the image plane. The projection of a point defined in observer 
co-ordinatess on the image plane is described by the image acquisition model. When a 
standardd CCD camera with a narrow field of view is used, the orthographic projection 
modell  is generally applied. The perspective projection model is generally applied for 
camerass with a wider field of view3. For our application cameras that cover a wide field 
off  view are more practical. The perspective projection model is illustrated in figure 1.1 
andd leads to the following relations: 

rsrs = F  ̂ . ry = F^- (1.2) 

wheree F denotes the focal length of the camera. 
Thee projection of motion vector p on the image plane is denoted by (i\. ry) and follows 

fromm equations 1.1 and 1.2 ([1]): 

r,r, =  F T ' - - ^ T ' - - (F* + rl)^f + r , r ,^ + ry  ̂ (1.3) 

== FTr,y-ryTr.t + {f2 + ^ _ ^ _ r ^ 

Equationn 1.4 describes the observed motion field for object points due to their relative 
motionn and the egomotion of the camera. It illustrates how camera rotation induces 
motionn components to the observed motion field of points, fn order to understand the 
observedd motion of an object point (e.g. located on a vehicle), one needs to know which 
partt of the induced motion is caused by the egomotion of the camera and which part is 
thee result of relative object motion. In other words: to estimate the observed motion 
causedd by relative motion of a vehicle, the image data should implicitl y or explicitly be 
stabilized.. These are the central issues in this thesis. 

Inn the past, research on motion estimation and interpretation has concentrated mainly 
onn issues of existence and uniqueness. Noise-free motion fields were studied in order to 
identifyy potential 'ambiguities" or near-ambiguities". Ambiguity refers to an observed 
motionn field that can be explained by different real-world motions. For example, consider 
til ee motion fields of a static environment, observed by a sideways translating camera and a 
cameraa that, is rotating around its vertical axis. Both motion fields are almost similar near 
thee center of the camera. They only differ a littl e in the corners of the image plane. Once 
thee uniqueness aspects were understood, research shifted its focus towards the robustness 
aspect[4][11].. The interpretation of motion fields appeared to be very sensitive for even 
smalll  perturbations in the input. Especially near ambiguities small inaccuracies in the 
observedd motion can result in very inaccurate interpretation. A critical and extended 
overvieww of past research can be found in [8] [2]. 

JThee perspective projection model only approximates the relation between image plane co-ordinates 
andd observer co-ordinates in praci.ice. Sliil i [9! and Heikkila [6 show how geometric distortions of the 
cameraa can affect tin*  relation and explain how to correct for it. 
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Figuree 1.1. Illustration of the perspective projection mode 
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Figuree 1.2. Schematic overview of the motion interpretation procedure. 

1.44 Problem statement and overview of this thesis 

Figuree 1.2 provides a schematic overview of the motion interpretation problem for in-car 
systems.. IT illustrates the four main issues for motion interpretation and their inter-
action.. These issues are egomotion estimation, vehicle detection, vehicle tracking and 
interpretationn of the motion (tracks). Each issue wil l be addressed in a separate chapter 
inn this thesis with its own introduction, literature overview and discussion. This makes 
itt possible to read each chapter without pre-knowledge about other chapters. 

Inn chapter 2 we start with the issue of egomotion estimation. Based on difference in 
dynamicc characteristics we propose separate approaches for robust and accurate estima-
tionn of 

 the average angle between viewing direction of the camera and mot inn direct ion of 
thee vehicle: 

 the inter-frame rotations of the camera around the mean viewing direction. 
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Aimm is to enable robust and accurate stabilization of the image sequences obtained 
fromm a single camera mounted in a vehicle. The results wil l be applied in the succeeding 
chapterss about vehicle tracking and motion interpretation. 

Inn chapter 3 we address the issue of vehicle detection. We approach the problem of 
mid-rangee and distant vehicle detection separately from the detection of passing vehicles 
(i.e.. vehicles 'in the corner of the eye1). 

Ourr aim is to detect passing vehicles as soon as they enter the field of view of our 
camera.. Furthermore we want to identify all regions in an image that potentially belong 
too mid-range or distant vehicles. It is important that no vehicles are being overlooked. 
Thee vehicle detection procedure is crucial for the initialization of vehicle tracking. 

Vehiclee tracking is addressed in chapter 4. Aim is to develop a general platform that 
enabless robust and accurate vehicle tracking in practice. Besides robustness and accuracy, 
real-timee performance is also pursued. 

Thee procedure must be flexible for the large diversity in the appearance of vehicles. 
Furthermore,, while tracking a vehicle it must be able to adapt to changes in the appear-
ancee of a vehicle. Changes in scale at which a vehicle is observed and (swift) variations 
inn illumination of the vehicle or in the background are practical elements that demand 
forr a dynamic and flexible approach. 

Finally,, we consider the issue of motion interpretation in chapter 5. The motion 
parameterr time-to-contact, that expresses the 'nearness*  of a vehicle relative to the cam-
era,, is discussed in relation to our application. Furthermore, we describe how reliable 
informationn can be obtained about the lateral position of an object, to detect lane-shifts. 

Aimm is to obtain reliable information about parameters that characterize the behavior 
off  other vehicles around us, under the circumstances of driving in a (straight) lane on 
thee highway. 

Thee work presented in this thesis is independent of the viewing direction of the camera. 
Itt can be applied for observations through the rear-window of the vehicle (the rear-view 
mirrorr application) as well as for observations through the windscreen. This wil l be 
underlinedd by experiments, which are based on real-world video data obtained for both 
cameraa setups. An overview of the sequences used in the experiments of this thesis can 
bee found in appendix A. 
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