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Parameters to determine

= Vehicle position,

= vehicle orientation (yaw),

» horiz. and vert. lane curvatures,
= pitch and roll (tilt) angles.

Application: Lane detection in on-road vehicles

Wi
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Application: Outline of the stereo algorithm

DETERMINING REGION OF INTEREST IN THE IMAGES

3D LANE PARAMETERS
EXTRACTED FROM THE
PREVIOUS FRAMES

+ COVARIANCES

FEATURE DETECTION, SEGMENTATION

CAMERA1

CAMERAZ

GEOMETRY RECONSTRUCTION
(BY TRIANGULATION)

.

>

LANE MODEL PH‘TIN{;\x\l g

VEHICLE POSITION AND ORIENTATION
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Background: Camera model

W = (x,y,2)T world coordinates (vehicle ref. sys)

EXTRINSIC
PARAMETERS
WORLD-TO-CAMERA TRANSFORMATION
R(By, ) and t

PERSPECTIVE PROJECTION
INTRINSIC 1

PARAMETERS

NON-LINEAR LENS DISTORTIONS
distortion coefficients, distortion center

|

RASTERIZATION
principal point, skew, focal lengths

|

I = (u,v)T pixel coordinates

I(pint’pext) = ¢(pint’pext’W)
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Background and motivation

CAMERA CALIBRATION

B ackground (MIN TRANSFER ERROR)
= Photogrammetry — 3D objects, DLT
. Ii Q\
= T'sai (1986) - new two-step method e ¢ W
= Kumar (1994) - pose estimation (lines) :
. . ; - 2D IMAGE
= Hekklia (1997) - distortion issues oD SPACE
= Zhang (2000) - flexible technique I, o | W
= Zissermann (2004) - mono/stereo view L, —t | iw Ly,
: . i i
* Nedevschi (2006) - 3D lane detection :
PROPOSED ALGORITHM
(EXTRINSIC)
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The proposed measurement method
SNAPSHOTS OF A CHECKERBOARD
PATTERN IN DIFFERENT ORIENTATIONS
DESIGNATE REFERENCE POINTS
PRELIMINARY MEASUREMENTS

SET UP MARKER ARRANGEMENT

! !

2-POINT DISTANCE MEASUREMENTS

! !

CLOSE-RANGE SNAPSHOTS WITH A
DIGITAL CAMERA WHEN AIMING

| |

TAKE SNAPSHOTS WITH THE CAMERAS

| |

ESTIMATE WORST CASE ERRORS AND
RUN THE PROPOSED ALGORITHM
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The proposed algorithm

STEP 1: INTRINSIC CALIBRATION (PLANAR CHECKERBOARD, ZHANG)

detected feature points B . -
h P ; The image of the checkerboard Residual errors in all the images
reprojected feature points r=[45.00 0.00 10.00]° t=[0.00 0.02 0.70|m stddew: 0.26 residual per feature point: 0.23 (initial) 0.13 (MLE)
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Cyte (Pines Pexe ) = Z dgu (Ii? L ) — min
k=1 i=l
MAXIMUM LIKELIHOOD

GAUSSIAN IS A GOOD MODEL (CORNER DETECTOR)
EXTRINSIC PARAMETERS IRRELEVANT
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The proposed algorithm

STEP 2: POSE ESTIMATION (PLANAR ARRANGEMENT)

) IV
AIMING ERROR CORRECTION
3x3 COVARIANCE MATRICES

X-DETECTOR l l

I X w. X

=i =i —! =Wi

l l L |

Co (Pt W Y= SN2 1 7 W 2, 9,9, )] > min

i=1

S

3D STRUCTURE ERRORS IN
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Results: measurement of 3D positions

+ marker centers
o X-detection result

100 150 200 250 300 350 400 450 500 550 600

Il Il Il
0 100 200 300 400 500 600 700

60 50 T T I
——=— longer axis ’g/j
S0, ——=—— shorter axis |- Lt - = ® " i
40 5 30| .
£ o} .
o £ —8— longest axis
2 39 S 20 —=—— shortest axis | |
(&)
o
201 10 -8 5 7
a8
1 O | G 0 | | | | |
10 15 20 25 30 35 40 10 15 20 25 30 35 40
Depth of the marker (z-axis of the vehicle coordinate system) Depth of the marker (z-axis of the vehicle coordinate system)
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Results: pose estimation

Std. of the rotation angles () Std. of the translation vector (cm)

Proposed min. method

-36.6% -20.2% -32.6% -20.5% -31.0% -15.6%
sta. deviati‘on of the error in the rrTeasured ar‘1d refined x‘ccordinate Std. deviation of the error in the measured and refined y ccordinate 25 Std. deviation of the error in the measured and refined z ccordinate
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" aiming error correction,
= errors in space are dominant,

= use uncertainity information (weighting),
= pose estimation with structure correction.

Future work:

= overall error analysis (analytical),
= on-line self-checking,

Summary

* mono-stereo lane detection (real-time).
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Motivation: Problems arising at stereo matching

¥ Budopes!

Consequences

A precise calibration method is required!

* Missing point-pairs or
What's the best we could do?

" imprecise reconstruction.
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std deviation of error (cm)

Results: Aiming error correction

Errors in the estimation of the x coordinates with and without aiming error correction

14 T T T T T
]
12 —&—— without correction |
0 — 77777””’%/5 - - 8-~ with correction
- q ]
10[377774@/ i £ 1
u
8+ i
6 g-----o-- B4
B- B
2 L L L L L
10 15 20 25 30 35 40

depth of the marker (m)

std deviation of error (cm)

Errors in the estimation of the z coordinates with and without aiming error correction
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Background: two-step calibration

STEP 1: INTRINSIC PARAMETER STEP 2: POSE ESTIMATION
CALIBRATION (PLANAR OBJECT) (PLANAR OR 3D OBJECT)

REL. FOCAL LENGTHS, SKEW, PRINCIPAL CAMERA POSITION AND ORIENTATION
POINT, DISTORTION COEFFICIENTS
Ii(pint’ pext) o ¢(pint’ pext’m) Ii(pext) o ¢(pint’ pext’m)

|

a2 I.1,) - min C(Pey) ZdEucl( i) min

=

L(plnt’pext ) Z

k=1 i=l
+ INITIAL GUESS (LINEAR METHODS) + INITIAL GUESS
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Background: two-step calibration

STEP 1: INTRINSIC PARAMETER STEP 2: POSE ESTIMATION
CALIBRATION (PLANAR OBJECT) (PLANAR OR 3D OBJECT)

REL. FOCAL LENGTHS, SKEW, PRINCIPAL CAMERA POSITION AND ORIENTATION
POINT, DISTORTION COEFFICIENTS
Ii(pint’ pext) o ¢(pint’ pext’m) Ii(pext) o ¢(pint’ pext’m)

|

dEucl (I I )% min

=

ML (plnt ’ pext ) Z

k=1 i=l
+ INITIAL GUESS (LINEAR METHODS) FAR RANGE
SIGNIFICANT UNCERTAINTY IN W,
A Far-Range Off-line Camera Calibration Method for [Camera calibration background] IMTC 2007, Warsaw

Stereo Lane Detection Systems / Andris Bédis-Szomorii 1 May, 2007



Evaluation of pose estimation

EUCLIDEAN TRANSFER EUCLIDEAN TRANSFER MAHALANOBIS ERROR MAHALANOBIS ERROR
ERROR (IMAGE) ERROR (3D SPACE) (IMAGE) (3D SPACE)

de (r,.7)

min min min
Pext Pext Pext Wi
GENERALLY USED ALGORITHM MIN. SYMMETRIC TRANSFER ERROR  MIN REPROJECTION ERROR
(MIN TRANSFER ERROR)
I, . I; W, I, . ,-
\‘\ W \\\ |_E W \\‘.///? W
[ S ® . a ] . o [} g
i ; i I ; i I ; i
2D IMAGE 3D SPACE 2D IMAGE 3D SPACE 2D IMAGE 3D SPACE
) Y ) P
=i =Wi =1 =Wi

EVALUATION BASED ON MONTE-CARLO (100 runs): STATISTICAL ANALYSIS OF couv(R) AND cov(t)
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Results: pose estimation

Std. of the rotation angles () Std. of the translation vector (cm)

pitch yaw roll ix ty tz

-36.6% -20.2% -32.6% -20.5% -31.0% -15.6%

With the measured 3D structure With the refined 3D structure
image_Eucl | space_Eucl | image_Mah | space_Mah | sum_Mah |image_Eucl | space_Eucl | image _Mah | Space_Mah | sum_Mah

Often used cost fun. 3.33 pix 6.93 cm 79.11 1.67 80.78 no refinement

Symmetric error min. 3.33 pix 6.93 cm 78.42 1.66 80.08 0 pix 6.93 cm 0.00 1.66 1.66

Proposed min. method | 3.47 pix 6.97 cm 92.23 1.63 93.86 0.08 pix 6.78 cm 0.04 1.49 1.53

Std. deviation of the error in the measured and refined x ccordinate e T e e e R Std. deviation of the error in the measured and refined z ccordinate
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Reference point measurements

MARKER / — =
POSITIONS #2 7 s -\ —
Sl [eemes [[]7)]
R e mig
X \ ._L_P Y

) v Height: t, 2 dt,
MARKER
POSITIONS #2 _

Z s 1ds,

H projection to the ground: g, + dg,

=
MARKER !
POSITIONS #1 LEFT REF Height: h,_ + dh,

POINT

A Far-Range Off-line Camera Calibration Method for [The proposed measurement method] IMTC 2007, Warsaw

Stereo Lane Detection Systems / Andris Bédis-Szomorii 1 May, 2007



Determining 3D marker coordinates

Re(Xg Ve Zg)

2 AIMING ERROR CORRECTION

2-POINT MEASUREMENTS

EQUATIONS DESCRIBING THE 2-POINT 2 P 2 _ H _ H2
GEOMETRY WHEN AIMING WITH ERRORS di = HX +Q()0y — 1 H2 d; =|x+Q(a)9, — 1, 5
PARAMETER VECTOR OF THE MARKER —(v.d. . d. T T 8T 8T ™7 d
POSITION ESTIMATION P = (¥,dp,dg, 1 5T 04,05, 0) —
dp,.
FORWARD PROPAGATION OF COVARIANCE Y =] . Y . J ;rn <
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The proposed algorithm

STEP 2: POSE ESTIMATION (PLANAR ARRANGEMENT)

= initial guess R, and t, (4 points),
= X-detection (correlation+COG), Li
= X-detector precision evaluation, —X

* nonlinear optimization (MLE).

! !

02, (6,7} a2, W, 9] min

ERRORS IN
THE IMAGE

Cur (pext ] {W })= le

3D STRUCTURE
REFINEMENT

ERRORS IN SPACE
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The X-detector

INITIAL GUESS FOR THE DISPLAY X-DETECTION

MA LLY SELECT 4 POINTS REGIONS-OF-INTEREST RESULTS IN THE FIRST IMAGE

% correlation match
+  center of gravity
— — — - 3-sigma (3D measurements)

DISPLAY X-DETECTION
RESULTS FOR EACH MARKER
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The proposed algorithm

INTRINSIC CALIBRATION POSE ESTIMATION
(PLANAR CHECKERBOARD, ZHANG) (PLANAR ARRANGEMENT)

Steps in R and t estimation:
= worst-case errors,
B ﬂ » marker positions (+aiming correction),
gLt S = 3D covariances (+Jacobian),
= X-detector,
e = initial guess (R and t)
e 1| B A SEEE = nonlinear optimization.

\\\\\\

_—

n
Con bW D=2, (1.1 )+ a2, (W, W )| = min
MAXIMUM LIKELTHOOD A Zl“ MR T R
GAUSSIAN IS A GOOD MODEL (CORNER DETECTOR) B
EXTRINSIC PARAMETERS IRRELEVANT MAXIMUM LIKELIHOOD (IF GAUSSIAN)
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The demonstration system under development

100 Mbps

T PoE switch Host/ Linux
ORIGINALLY
HIGH RESOLUTION MJPEG
i CAMERA
Z
S UNDER DEVELOPMENT
R i CAMERA WITH EMBEDDED IMAGE
CMOS FPGA AXIS PROC. ETH PROCESSING
LINUX: FTP, WWW,
TELNET, RTSP)
[Development] IMTC 2007, Warsaw
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The demonstration system under development

100 Mbps

T PoE switch Host/ Linux
IMAGE PROCESSING CLIENT (CAMERA CONTROL AND.
GAMMA TABLES (COMMUNICATION, FPGA AND STEREO PROCESSING
CANNY EDGE DETECTION SENSOR CONTROL) )
FPS CONTROL
SENSOR CONTROL INTERFACES
HISTOGRAM
ORIGINALLY
HIGH RESOLUTION MJPEG
CAMERA
UNDER DEVELOPMENT
CAMERA WITH EMBEDDED IMAGE
CMOS FPGA AXIS PROC. ETH PROCESSING
LINUX: FTP, WWW,
TELNET, RTSP)
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