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Abstract: - This paper presents a new approach in calibrating a light sectioning measurement system.
The developed method permits the calibration of such a system without previous knowledge of the exact
positions of camera and laser. The basic concepts of this new approach and its advantages compared tt
common methods are discussed. Further, a possible implementation in an industrial process is given.
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1 Introduction try. This approach has practical and numerical advan-

i many industil appcatons qualt control con- 568 S bees & SRl figet wih lgour gecmety
cerning geometric measurement is employed using OPhat neither laser nor camera position has to be known

tical measurement systems. In that context, commo e

tasks are fulfilled by means of light sectioning. The prior. L _ o
most popular Variant of th|S image processing meth0c§|m|lar to the camera Ca.“bra.“on teChnique Wh|Ch IS
is based on trigonometric calculation. In the presentroposed in2], the presented concept is based on a

paper, the main disadvantages of this variant are exsingle calibration image. However, this new method
plained and an alternative is proposed. reduces the number of coordinate systems from five to

three. Additionaly, the orientation of the plane of light
can be obtained without the knowledge of the focal
length. Further the more robust singular value decom-
position is used rather than QR decomposition.
Images currupted by distortion can be corrected ap-
lying algorithms proposed ir8], which are based on
orks presented ird].

1.1 Structure of a Light-Sectioning System

As can be seen in Figufe a typical measurement sys-
tem using light-sectioning is established by the objec
to be measured, a laser projecting the plane of ligh
onto the object and a suitably positioned camera ob-
serving the intersection of the plane of light and the
object. )

2 Problem Formulation

% Determination of sufficiently exact positions (relative
or absolute) of camera and laser of a light sectioning
measurement system for calibration purpose is a crit-
ical task. The preliminary idea of this new calibra-
tion approach is to avoid the need for any previous
knowledge of these positions. The procedure should
be based on image processing algorithms and geomet-
ric dependencies.

Therefore the design of a suitable calibration object is
essential.

Further, it is desirable that internal parameters of the
camera (focal length, resolution, geometric size of the
camera chip) are not necessarily needed for the cali-
bration procedure.
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Figure 1: Structure of a typical light sectioning system

1.2 Common Light-Sectioning Methods . . . ..
A well known and commonly used method of light 3 Calibration of the Light Sectioning
sectioning (seel]) uses trigonometric relations to Measurement System

calculate the desired geometric quantity. This papefThe light-sectioning measurement system can be cal-
presents a new solution based on projective geomeibrated using a geometrical approach without know-



ing the position and orientation of the camera and thg(xz¢ andy?) of the projected poinp,. are calculated us-
laser. The developed calibration method is performedng the homogeneous coordinate (see p]).
in three steps:

. . L 20 — Zz  —  hnZethipyethis

e Segmentation of the calibration image by means T T w,  hsi@othasyothss
of image processing. _ _ . " hastothastio e 6))

e Determination of position and orientation of a Yr = e T hozethayetha

coordinate frame related to the plane of light. - ) ) )
e Calculation of the homogeneous projection ma-Rewriting and expanding the above equations gives:
triX Hiaserpi—cam between camera- and laser-

—hi120 — h12yo — h13 + h210 + h220 4 h230+
plane.

+a? (ha1xo + haayo + h33z) =0

h110 + h120 + h130 — ho1zo — hooyo — h23+
+y2 (hs1zo + hs2yo + h3z) =0

3.1 Principle of calibration Writing these equations fot corresponding pairs of

points ( > 4) and formulating as matrices, we can
e The homogeneous transformation of a planewrite;
onto the camera image is fully determined by Gh =0, (6)
four known corresponding points.

e Given two known planes on the calibration tar- where
get and the image of the points of intersection —z0(1) —yo(1) =1 0 0 0 @(Wzo() TR (Myo (D) Ty (1)
with the plane of light, the orientation of the 0 0 0 —wo(l) —yo() —1 y2(Mag(l) ¥&(Duo(D) ¥ (1)
laser plane can be obtained. _ G= ; A C ; : ;
e Therefore the homogeneous transformation and —zo(n) —yo(n) —1 0 0 0 23(n)zo(n) 22 (n)yo(n) z%(n)
its inverse relating the plane of light to the image 00 0 —ao(m —vo(m) —1y% (m)mo(n) ¥7 (v (n) Y& (m)
plane of the camera is completely known. q
an
h11
hi2
213
21
3.2 Description of Central Concepts R e
Basic components of the presented calibration proce- s
dure are the concept of homogenous coordinates and has

linear coordinate transformation using homogenous For n > 4, Equation6 is an over-determined lin-
coordinates (se€b]), which are not discussed in this ear equation system which can be solved by differ-
document. ent methods, such as normal equations method, QR-
factorization or singular value decomposition (SVD).
3.2.1 Homogeneous Mapping between Planes ~ Because it is robust and effective, SVD (ség [7])

. - . is applied on matrixG to find a non-trivial solution of
ﬁzaéﬂngglrgﬁg the homogeneous definition of a PoINty in Equation6. Finally, the components df are re-

combined to form the matri¥l of the homogeneous

Do = [ :358 ] ) projection.
1

the homogeneous projecti¢hof pg to a pointp,. on
another plane can be formulated as

3.2.2 Grassmannian Reduction and Fitting

The calibration process and the actual measurement
are based on Grassmann coordinates and Grassman-

p, — Hp ) nian reduction (seed], [9]). These concepts are pre-
r 0 sented with regard to fitting of lines in the plane. Fur-
where ther, the extendibility of these concepts on arbitrary
Ty geometric objects (parallel lines, planes, circles, conic
pr=| Ur ] (3) sections, ...) is shown (see aldd]).
Wy

Fitting a Line in the Plane: Considering the fact,
that a line in the plane is defined by two poiptsand
p2, Written in homogeneous coordinates:

hii hi2 his ] T x
H= | ho1 ho hos |. 4) N d |
[ h31 hsz hs3 p1 y11 e b y12

Obviously, the homogeneous projectibinis defined
by a3x3-matrix of the form

Assuming that one of the nine parametersHircan 3 third pointp

be interpreted as a scaling, the remaining eight entries

of the matrix can be determined with the help of four p=
points given in both planes. The two affine coordinates




lies on the line if it is a linear combination @f; and  whereC; : Cy : C3 : (4 are calledtetracircular
p2. This can be expressed as: Grassmann coordinates-itting of conic sections and
guadrics is done in an analogous manner. Further,

r oy 1 spheres can be fitted usipgntaspherical coordinates
1 y1 1 |=0. (7)  too (for more information seei[l]).
x2 y2 1

Expanding the minors of the first row of this determi- Fitting a Plane in Space: The general equation of a
nant gives plane
Fix+ Foy+ Esz+ E; =0 (15)

r(y1 — y2) — y(z1 — 22) + (v1y2 — 2201) = 0, (8) .
can be written as

or

Yy —yX +N=0. 9 E;
The set of the paramete§ : Y : N have been pro- [z y 2 1] 52 =0. (16)
posed by Grassmann (se3,[9]; also calledPlanner EZ

Line Coordinateyrather than variables. These param-
eters describe a space that is commonly of higher order - _ _
than the variable space but lead to an equation that ighus, fitting a plane to a set af pointsp; in space
linear in the parameters and can be solved using lingives:

ear algebra. Formulating this expression as a matrix

multiplication 1 Y1 2 % E, e1
T2 Y2 22 €2
% R NS e B Y,
[z vy 1]| =X | =0. (10) Poor E3 :
N Tn Yn 2n 1 4 €n
The planner line coordinatés, Y and N represent the
line in the plane. Assuming for typical tasks in image
processing a set of pointsp;, which are corrupted . . .
by errors (e.g. measurement noise), an error veetor 3-3  The Calibration Object
is introduced on the right side of Equatiaf: To enable the calibration of the measurement system,
a calibration object of specific geometry is necessary
1 Yy 1 el (see Figure for a possible realization). With the help
€2 of this calibration object, the orientation of the plane of

T 1 Y
R '
N

=1 . (11)  light (projected by the laser) has to be located relative
. to a fixed spatial coordinate frame. It has to be men-
Tn Yn 1 €n tioned, that additional transformations can be avoided
by defining the origin of that fixed coordinate frame
on the calibration object itself.
Gl=e 12)  Sincea plane in space is uniquely defined by two non-
Ideally, the right side of the above equation becomeddentical lines, the calibration object establishes two
zero (i.e. the fitted line contains lies on all the points different planes, that are chosen to be parallel for sim-

or short

p4), in which case the matri& must be singular. plicity. The orientation of these two planes has to be
known exactly relative to the fixed coordinate frame.
Gl=0 (13)  Further, the two planes have to be identified during the

_ _ o calibration process. For this reason the two planes are
For this reason, singular value decomposition is apeach identified with four calibration marks (see Sec-
plied onG to calculate a non-trivial solution fdrin  tion 3.1 for further explanations).
Equation13. There,l is the vector of the line coordi- The realization of these marks can be achieved by dif-

nates of the line fitted to the set of poinig. Atthis  ferent methods (drilled holes, marks, LED’s, optical
point, it has to be mentioned that although this concepfibre).

seems to lead to more effort in fitting lines, it becomes
relevant for problems of higher order.

3.4 The Calibration Process

Fitting a Circle in the Plane:  The concept can also The aim of the calibration process is to obtain the
be extended to fitting circles, which is required to de-homogeneous transformatidnbetween the laser co-

termine the position of the registration marks. ordinate frame and the fixed coordinate frame and
N N the homogeneous projection matk ,serpl—cam b€-
ity iyl C el tween the laser plane and the camera plane (image).
22+ y2 2oy 1 Cl €9 In the measurement process the found laser points
22 02 = . |, (14) inthe image are mapped onto the laser plane (there-
: I Cz : fore Hiaserpl—cam IS Needed). The coordinates of the

22 4 2 oy 1 en mapped points are then transformed back into the fixed



coordinate frame (thereforE is needed). The result- the y-axis of the fixed coordinate frame and the laser
ing coordinates describe the 3D-structure of the meaplane. Substitutingg = 0 andz = 0 in Equation18

surement object. results in:

The input data for the calibration is the geometry of Exy+FE4=0 (29)
the calibration object and a camera image. The camg

era image has to show the intersection of the plane E,

of light with both planes of the calibration object on y=-——". (20)

the one hand and the eight calibration marks of the )
calibration object on the other hand. As described atience the translational parameters of the transforma-
the beginning of this section, the calibration process iglon are

performed in three steps. Az = %
3.4.1 Segmentation of the Calibration Image Az= 0.

This part of the calibration contains the recognition of The rotational part of the transformation (i.e. the ori-

both, the calibration marks and the points of the in-entation of the laser coordinate frame) is defined by
tersection lines of laser plane and calibration objectinree angles. The aim is to rotate the x-axis and the
This is achieved by algorithms typically used in image y.axis into the laser plane.

processing. N _ The coordinate frame is rotated around the x-axis to
The segmentation of the calibration marks is per-yyr the y-axis into the laser plane. To obtain the ro-
formed using contour extraction. The different con- tation angle the equation of the intersection line be-
tours found with a suitable intensity threshold are thenyyeen the laser plane and the y-z-plane of the fixed

analyzed concerning their similarity to circles. coordinate frame is calculated (by substituting= 0
The intersection of the laser plane and the planes ojy Equationl18):

the calibration object can be seen as bright lines in the

image. These lines can roughly be found by detect- Eyy+ Esz+ E4 = 0. (22)

ing the brightest pixel in each column of the image o . -

(i.e. maximum of each column of the matrix that rep- ngifelgp:noﬁéhls intersection line corresponds with the
resents the image data). As there are not laser point@ gle.

in every column of the image, only those pixels with a Es

intensity value above a certain level (depending on the ¢, = arctan <_E> (23)
mean intensity value of the brightest pixels) are con- 3

sidered to be part of an intersection line. To find theThe next step is to rotate the coordinate frame around
exact position of the point in a column that belongs tothe y-axis in order to get the x-axis into laser plane.
the laser line, the center of gravity of intensity (s88 [  The current direction of the z-axis[8, Es, E5]7. The

s calculated. I1;|ormal vector of the laser plane|[iB;, Es, Eg]T. The

It is assumed that there are two line segments (one i . . .
the left part of the image and one in the right part of angle of rotation around the y-axis corresponds with
he angle between these two vectors. It is also possi-

the image) that are a projection of the laser plane ont le to rotate the coordinate frame around the z-axis,

the rear plane of the calibration object and one Iineb  thi v ch h entati £h ‘ d
segment that is a projection onto the front plane. ut this only changes the orientation of the X-axis an
y-axis within the laser plane. A specific orientation is

» ) ) ) not needed, so a rotation around the z-axis is obsolete.

3.4.2 Position and Orientation of a Coordinate  Now the position and orientation of the laser coordi-

Frame related to the Plane of Light nate frame is defined and the matrices of transforma-

According to this assumption each of the obtainedtion between the fixed coordinate frame and the laser

points are now mapped onto the appropriate plane otoordinate frame can be calculated.

the calibration object using the homogenous projec-

tion matrices and transformed into the fixed coordi-3 4.3 Calculation of the Matrix H_sserpl—Cam

Pha(;[?i;rea:jmc%orl?j?nn;tz }P:mpeoissltll(%%v(\)/;agg;iiig g}nrtnseg]_'l'his part of the calibration process determines the ho-

surement noise, the points are not exactly in-plane, s§1°9€nous projection matrix between the laser plane

acast mean sqare plane it s calcuaied (sce Secidf (12 SAMCRPEM oL G o s i e
-2.2). The resulting equation of the plane is: laser plane and their corresponding points in the image

(18) (camera plane) have to be known. As there are more
than four corresponding points known in each plane
(the points of the intersection of laser plane and the

The parameter&’; to £ are used to obtain the posi- ; : ; L ;
- - ; - . _calibration object), the projection matrix can be found
tion and orientation of the laser coordinate frame (i.e_ < 4oscribed in Section 3.2.2 .

both the translational and rotational part of the trans-
formation).

The translational part can be found when the origin of .
the laser coordinate frame relative to the fixed coordi-4 Implementation

nate frame is known. As defined above the origin of This section deals with the description of the calibra-
the laser coordinate frame is the intersection point oftion target and the industrial implementation of the

Fix+ FEy+ Esz+ E4 =0



calibration method. Measurement of the width andrelative to the measuring head is permitted, whereas
depth of cracks embedded on the edge of milled steetvery movement of the laser relative to the camera is
blocks can be achieved by means of a calibrated megsrohibited. Figuret shows form, size and location of
surement head. an inspected crack.

Referring to Section 3.3, Figur2shows the calibra-

tion target we used for the industrial implementation.

Figure 4: Rendered 3D geometric model of the steel
block showing a crack in the edge-region

Figure 2: 3-stage-calibration target
A calibration picture is shown in Figuge The observ-

The calibration object is a stepped matt-black bodyable line segments and calibration points are now to
with a size of approximately 190x200x70 [mm]. determine the homogeneous projection matridgs
Instead of the two required stages for the calibration@NdHsront (derived in Section 3.1) and the transforma-
procedure the object was extended by an additionalion ruleT.
stage. Each stage (which is also callelibration
plang contains at least four calibration marks. In case
of lens-changing and a caused variation of the field of
view these modifications lead to a high degree of flex-
ibility.

Figure 5: Zoomed Calibration picture

Figure 3: Steel slab and target in a steel-mill Due to the calibration points A, B, C and Bl,, can

be determined for the rear calibration plat,on: is
In Figure3 the calibration target and the steel slab arebased on the calibration points E, F, G and H. For these
shown. In case of a suitable orientated calibration tartwo calculations we assume that both, image coordi-
get (referring to the axis of the steel slab) the depth andhates [in pixel] and real coordinates of the eight cali-
width of the observed crack can easily be determinedbration points [in mm] are known. Due to the matri-
by applying the established projection and transformcesH,..r, Hson: and the position of the line segments
matrices. Linel, Line2andLine3it is possible to calculaté.
The intersection of the laser plane with the calibrationH¢,..¢, H,ear and T enable the determination of the
target can be seen as line segments. These lines apeojection matrixH| seerpi—cam- If @ steel slab with
used for an accurate calibration of the camera. The ara crack is intersected By the laser plane, all measure-
rangement of laser and camera is also shown in Figurenent points certainly lie in the laser plane. The dis-
3. tance between them is determined in [mm], however,
After the calibration procedure, the target can be rethe measurement points should be transformed into the
moved and the measuring head can inspect the passifixed coordinate frame by the help @fto get the ra-
steel slabs. Thereby a certain movement of the slaldial crack depth.
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