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ABSTRACT

1. INTRODUCTION

The current work deals with a state-of-the-art donof the science and technology in
which increased efforts and resources are invesyethe car manufacturers and scientific
community: autonomous driving. In this context, tteenera parameters calibration problem
of far range and high accuracy stereovision sysisrapproached.

Monocular camera’s calibration does not imply tarnding problems and can be done
through general purpose calibration methods. THiraesion of the stereovision systems
requires in addition a very accurate estimatiothefrelative extrinsic parameters of the two
cameras, which are essential for the stereo ctioelg@rocess. Extensions of the general
purpose calibration methods are allowing the egtonaof these parameters with satisfactory
precision for short range application (e.g. indaxootics).

The calibration of the stereovision systems madinitevehicles and used in driving
assistance applications requires high accuracy odsthThe estimated parameters should
allow the 3D reconstruction of the environment wiipth errors bellow 5% in arrange up to
50m in urban scenarios and up to 100 m in highwagnarios, in real traffic conditions
(variable lighting, visibility and temperature, nemical vibration and stress).

In this thesis a set of original calibration methoand a proper methodology is
proposed, designed and implemented allowing a &ecyrate estimation of the stereo system
parameters, with a very good reproducibility ratéhe results and a high level of automation
of the entire procedure. The stereo systems cithnaith the proposed methods are allowing
the 3D reconstruction with a precision and deptigeacomparable with the laser and radar
sensors but in addition are providing much 2D aDdr8ormation about the environment. In
the experiments performed, stereo systems forafage, highway configuration (16mm focal
length, 300 mm baseline, VGA image resolution) weadibrated which have provided
reliable 3D data in a depth range up to 120 m dépth estimation errors bellow 3%.

The current thesis is the result of the work penied in the fame of a series of research
projects founded by Volkswagen AG in the 2001-2p@riod. The propose of these projects
was the development of a stereovision sensor wimtdgrates specific driving assistance
applications: camera calibration [Mar06], [MarOfbstacles detection and classification
Ned04g],[Ned07a],[Ned07b],[Ned07d], lane detectiom structured environments,
[NedO4f],[Ned07a], navigable channel detection instauctured environments §D06],
[NedO7a] etc.

2. STRUCTURE AND CONTENT OF THE THESIS

The thesis begins with an introductive chapteat thresents the motivations and the
integration of the studied topic in the approactenhain.

In Chapter 2 the camera model is synthesized alotiigthe complete set of parameters
which are describing its geometrical and opticalperties (table 1). The model is then
extended in Chapter 4 for a stereovision systemmeaiin a vehicle (fig. 1).

In Chapter 3 are revised the most relevant caroaliaration methods found in the
literature. General purpose methods applicablenfonocular and stereo systems used in
short range applications [Tsa87], [Wen92], [Hei9[4ha99], [BouO7] or in automotive
applications [KamO02], [Ern99], [Bro01]. [Web95HCat04], [Mas04], [Col06], [Dan04],
[Dan06] are presented.
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Table 1 Complete set of parameters of a stereovisioresyshounted in a vehicle

Parameters group Parameters type Parameters set

Internal

parameters
of the stereo system

Principal points:
PP.(XoL » Yo), PPr(Xor: Yor)
Focal distance:

fL(fXLa fYL)y fR(fXRy fYR)
Distortion coefficients:

- radial: &', k"), (%, k),
- tangential: §.", p"), (1, B2
{Trel = R<T:|_ WTer—TeL)

Rrel = R-(I;L I:IRCR

Intrinsic parameters
(one set / camera)

Relative extrinsic parameters
(one set / stereo system)

External

parameters
of the stereo system

For individual cameras:
Translation vectorst ¢, Tcr
Rotation matricesRc¢|, Rcr Or
Rotation vectorsic, rcr

For the stereo system (stereo-rig):
Translation vectorst ¢ g = T,
Rotation matricesRc.ig = RcL or
Rotation vectorst.c.rig = r'c.

Absolute extrinsic parameters
(one set / camera)

XL Yo

Left image plane &~

Z
Right image plane 4 RN
7o | e— B Z
XR Y TCR S Lt A .
Yr X 'S Ego car longitudinal axis
CAR

YC AR

Fig. 1. Stereovision system model mounted in a vehicle.

In Chapter 4 a novel analysis of the influencéhef camera parameters upon the stereo
reconstruction process is presented. For this aisalgriginal algorithms were elaborated for

simulating the 3D

reconstruction errors and the@pr errors induced by the drifts of the

relevant camera parameters of the stereo systersedBan this analysis, the critical
parameters (from the point of view of the accuraggje identified. This analysis, along with
the survey of the existing literature allowed thheger approach of the calibration problem
for far range and high accuracy stereovision systand the establishment of the best suited
methodology and algorithms (fig. 2).

Off-line
. . . o " 2D calibration object b
| Intrinsic parameters calibration |<7 . with precise geometry __ '

Y

| Extrinsic parameters calibration |<—‘

Internal parametdrs (intrinsic and_relative extrinsics)

Auto-calibration of the extrinsic
parameters of the stereo-rig

Self-cheking of the
internal parameters

On-line

Fig. 2. Proposed calibration methodology for stereovisigstems used in vehicles.
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The proposed methodology involves the calibratidnthe critical parameters (internal
parameters from table 1) by off-line methods wraoh using a dedicated calibration object or
calibration scene with precisely measured dimerssidhe less critical parameters (absolute
extrinsic parameters) can be computed on-line al teaffic scenarios by using specific
constraints.

In Chapter 5 the photogrametric calibration (whudes a calibration object or scene
with known geometry) of the stereovision systems agproached.

First, an improved intrinsic parameters calibnatimethod based on the Bouguet’s
algorithm (reference method in the literature) isgmsed. The improvements are related to
the automation of the calibration process:

- An automated and robust algorithm for detecting2beimage projections of the

control points (corners) from the chess board sthapébration object;

- An automated algorithm for the 3D labeling of thetettted control points;

- An algorithm for solving the correspondence problegtween control points from

the stereo images;

- A more efficient implementation of the stereo-optation algorithm for the

intrinsic and relative extrinsic parameters estiorabased on Newton’s method.

These improvements are allowing a significant o&ida of the calibration’s procedure
duration and consequently the acquisition and msing of more views of the calibration
object and consequently of the number of contrahtgo This has the effect of increasing the
accuracy of the estimated camera parameters. Diteitwreased efficiency, the new method
is much better suited for the calibration of thieinsic parameters of the stereovision systems
mounted in vehicles in comparison with the genpuapose methods.

Secondly, an original method and methodology fa off-line extrinsic parameters
calibration was developed. This method consists in:

- A robust algorithm for automated detection of thanteol points (“X”-shaped

targets) through multiple validation steps;

- An algorithm for the detection of the “X"-shapeddets with sub-pixel accuracy;

- An algorithm for extrinsic parameters estimationsdzh on the Newton’s

optimization method;

- An original calibration methodology used for thdilmation of the stereovision

systems mounted in vehicles.
The method can be used for the calibration of lmetmocular and binocular or multi-ocular
stereo systems. The main advantage of this methedtbe existing general purpose ones is
the high accuracy of the absolute and relativeiresitr parameters of the stereovision systems
(the accuracy of the relative extrinsic parametisrscrucial for far range stereovision
systems).

Finally, a set of original methods for the offidi evaluation and validation of the
calibration parameters’ accuracy was developed. vidhielation methods are based on two
types of stereo constraints: 3D reconstructionrsremd epipolar drifts of a set of control
points. Using these validation methods, it was destrated that, the camera parameters
estimated with the proposed off-line calibration tinoels are leading to smaller 3D
reconstruction and epipolar errors in comparisomh wither reference general purpose
methods from the literature (e.g. Bouget’s methdid-3).

In Chapter 6, the proposed methods for on lingbclon and validation of the
stereovision system’s parameters are presentedseTimethods do not need a dedicated
calibration object or scene with known geometry ingtead they are based on some
constrained specific to real traffic scenariost(flead, longitudinal lane markings, visible
horizon line etc.).
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b. C.
Fig. 3.a. Comparison between the relative depth errataimdd with the extrinsic parameters calibratedhwit
the proposed method (blue) and Bouguet’s sterdloratibn method (red). b. Comparison between thpodar
drifts for the same two cases. C. The referenceasewith control points.

Firstly, an on-line method for the dynamic pitchgke estimation of the vehicle was
developed. The method is based on the motion @stunation of the horizon line points and
can be applied in highway or country road scenaiiibg idea is not new in the literature, but
some improvements were performed, consisting in:

- An original method for horizon line detection andtohing in successive images;

- The usage (with improved results) of the motiotdfief relevant horizon features
instead of the optical flow of the horizon line pis for the camera motion
estimation;

- The usage of the estimated dynamic pitch anglaéefehicle as prediction for the
lane detection processing module (LD) [NedO4f]eask of using car sensors which
are not standard and also not precise enough{fig.

- An optimized implementation for real time procegsffh .. 2 ms / frame).

Linie de orizont Linie de orizont vizibila si valida
0.3 Liniede orizontvalida .________ vizibila partial = =
N -

inexistenta

1850

Fig. 4. Pitch angle variation [deg/frame] for a sequerfcEs® images in a country road scenario: estimated
value from horizon line (red), estimated value iy tnodule (blue), measured value from car sensdaskp
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Secondly, an on-line method for estimating theohlie pitch and roll angles of a
stereovision system relative to a road plane rélamordinate system was proposed. The
method can be applied for a general configuratieres setup and requires the knowledge of
the internal parameters (table 1), which can bibreded off-line. The method is based on the
estimation of the road plane parameters usingtdres correspondence of features (e.g. road
markings edge points) from a flat road surface.

Finally, a novel method for the on-line self-ckimg of the calibration parameters was
developed based on infinity points’ constraintgy.(dorizon line features). The method is
applicable in highway and country road scenarid$ wivisible horizon line and it measures
a degree of the stereo systerdéscalibration(principal point, focal length, relative rotation
angles — which are the critical internal parametdrithe stereo system). Thie-calibration
degree is measured as a difference between thee¢te@ disparity” of the infinity points
(which depends only upon the internal parametard)the “measured disparity” (fig. 5). The
“measured disparity” is computed by matching harizoe features in stereo image pairs.
The method is entirely original through:

- The introduction of the “expected disparity” ofimfy points and its mathematical

computation formalism.

- Development of an original method for measuring ris@ “disparity” of infinity

points from the horizon line

- Definition of a validation criteria of the paramet@ccuracy relative to the optical

and geometrical configuration of the stereo systemsed on the “measured
disparity” of the infinity points and along with éhestablishment of proper
threshold values through simulations and experiment

- Real time implementation of the method (1 ..5 rmarhe).

2 )

25 LMvN\ AVW/IH‘AHA‘M[M Aﬂ i oo feafiyy ! i A

[ i — H i o : 1 |
- JLTE L H bk L " N T s LV T S N
Il \ Iy » AL AV KUAR AR RTINS P ALY
235 V l W UV 4 ‘W
24 -85
E 100 150 200 250 1] &0 100 180 200 250
a. Horizontal disparity of points from infinity . Wertical disparity of points from infinity

Fig. 5. Average “measured disparity” of horizon points @idafor a sequence of 250 frames for a highway
scenario. The average value of the measured digpaer the whole sequence is marked with blue enthie
“expected disparity” with red. The “disparity ert@dd is below the threshold valueT | = 2.8 .. 4.3 [pixels].

In Chapter 7 a brief description of the impleméotes of the calibration methods
described in Chapters 5 and 6 is presented. Thelajged methods were integrated as
modules in a framework application used for testamgl integration of stereovision based
algorithms for driving assistance systems (fig. 6).

3. CONCLUSIONS

In this thesis, the topic of the calibration far range and high accuracy stereo vision
systems used in vehicles was approached. An imidamlysis of the requirements for these
stereovision systems was performed from the pointiew of the parameters accuracy.
Reference general purpose calibration methods vwepeoved to fit specific requirements
while other new (original) methods were develop&itithe methods were implemented and
tested in many calibration experiments of sevdmksvision systems in different optical and
geometrical configurations. The purpose of thespeements was to test, optimize and
validated the proposed algorithms and to estalthishproper calibration methodology, best
suited for stereo systems mounted in vehicles aed for driving assistance applications.
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Fig. 6. Snapshots of the implemented modules: a. Offilitiinsic parameters calibration; b. On-line
parameters self-checking; c. Off-line extrinsicgraeters calibration and validation; d. On-line dyi@pitch
angle estimation.

Over 10 experimental vehicles were equipped wighes systems calibrated with the
proposed methods presented in the current worka€hberacy of the estimated parameters of
the stereovision systems was crucial for the pr@iereconstruction and description of the
driving environment). In table 2, some marginal ditions of the detection algorithms (e.g.
obstacle detection, lane detection) working with ¢hlibrated stereo systems are presented.

Table 2. Marginal conditions of the stereovision based ci@ia algorithms

Stereo system parameters Highway configuration Urban configuration
Focal length 16 mm 6.5 mm
Horizontal field of view 34° 7
Baseline 340 mm 340 mm
Image resolution 688 x 515 pixels 512 x 383 pixels
Detection algorithms’ performance
Stereo reconstruction engine Software, edge basegbs | Hardware, dense stergo
Maximum 3D reconstruction depth 5..120m 0 .nb0
Maximum relative reconstruction errors (depth) 3% % 5
Maximum obstacles detection range 100 ..120 m n40
Maximum lane detection range 80m 30m
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