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A CAMERA CALIBRATION METHOD, A COMPUTER PROGRAM, A COMPUTER-
READABLE RECORDING MEDIUM AND A CAMERA CALIBRATION SYSTEM

TECHNICAL FIELD

The present invention is directed to a method for calibrating a camera
mounted behind a transparent wall, in particular, a camera mounted behind the
windshield of a vehicle.

It further concerns a computer program including instructions to execute
the calibration method, a computer-readable recording medium including such a
computer program, and a camera calibration system configured to execute such
calibration method.

BACKGROUND ART

Calibrating a camera consists in determining the parameters of a model of
the camera, such a model being a relationship between coordinates of a point in
the scene and coordinates of a projection of the point in an image of the scene
acquired by the camera.

The model of the camera is usually a set of equations which relate the
coordinates of a point M in a scene A to the coordinates of the image point m
formed on the image I of the scene outputted by the camera. In some
implementations, this model is defined in a computer program. In this case the
computer program is a program which can output the coordinates of a 2D-point m
projected in an image and which corresponds to a 3D-point M in the scene, and/or
can output the line-of-sight or ray in space that corresponds to all the 3D-points M
in the scene that project to the coordinates of the 2D-point m of the image.

Although many calibration methods have been defined for cameras, it
seems that no satisfactory calibration method has been proposed so far which
compensates the effect of the refraction caused by a windshield interposed
between a scene and the camera.

For this reason, since a growing number of vehicles now include cameras
placed behind their windshield, and since these cameras are increasingly involved
in the driving of the vehicle, there is a growing need of a calibration method
adapted to compensate the effect of the refraction caused by the windshield.

DISCLOSURE OF THE INVENTION
The invention has been constructed in view of the above problem of the
prior art, and a first object of the invention is therefore to propose a method for
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calibrating a camera placed behind a windshield or, more generally, a transparent
wall.

In accordance with the present disclosure, a method for calibrating a
camera mounted behind a transparent wall so as to obtain a projection function of
the camera is proposed.

The projection function receives coordinates of a point of the scene as an
input, and provides a calculated 2D-location of a projection of the point in an
image of the scene as an output.

This method comprises:

S30) based on at least one image of the scene acquired by the camera
through the transparent wall, determining image-based 2D-locations of image
points in said at least one acquired image, the image points corresponding to said
points of the scene; and,
the projection function being determined as a function of at least one refraction
parameter;

S50) calculating the value of said at least one refraction parameter by
minimizing an error function (E);

the error function being a function of said at least one refraction
parameter; and the error function including a projection error function of distances
between said image-based 2D-locations and calculated 2D-locations obtained by
applying the projection function to the points of the scene.

In an embodiment, the method further comprises (step S40) calculating an
initial projection function of the camera between the points of the scene and the
camera on the basis of said at least one acquired image; and at step S50, the
value of said at least one refraction parameter is calculated iteratively, taking into
account refraction caused by the transparent wall; the iterative algorithm being
initialized with the initial projection function of the camera.

In some embodiments, distortion due to refraction is not taken into account
in step S40 for calculating the initial projection function of the camera.

In an embodiment, during the final model calculating step, the final model
is calculated by executing an iterative algorithm, and the initial model of the
camera is used as an initial value of said algorithm.

Different assumptions can be made to take refraction into account in the
final model calculating step:

In an embodiment, said at least one refraction parameter includes a radius
of a sphere, the transparent wall being thus modelled locally as a sphere.
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In this case, in a preferred embodiment, said calculated 2D-location of a
point of the scene is calculated using the projection function on the basis of a
plane of refraction which contains a 3D point of the scene under consideration, a
center of the sphere (the sphere being defined by a radius and a thickness), and a
center of projection of the camera.

Furthermore, in a more preferred embodiment, said calculated 2D-location
of a point of the scene is calculated by calculating a value of an angle formed
relative to a line joining the center of the sphere to the optical center of the
camera by a ray in the plane of refraction which is projected from a point of the
scene under consideration to the optical center of the camera.

In an embodiment, said at least one refraction parameter includes an index
of a material of the transparent wall.

In an embodiment, in the final model calculating step, the transparent wall
is modelled as a volume defined by at least two spline functions.

In an embodiment, the method further comprises, in the final model
calculating step, minimizing an error function, the error function including terms
based on distances between image points in said at least one image and
calculated image points.

The error function can include for instance the term below:

. 2
E= ZIII dist ( Mi_image, mi_calculated)

In an embodiment, said calculated 2D-locations of points of the
scene are calculated using an additive correction function which outputs a
displacement in a normalized image plane due to refraction based on 3D-
coordinates of a point of the scene and a depth of said point in the scene,
whereby the calculated 2D-locations are calculated based on the sum of 2D-
coordinates calculated without the additive correction and a corrective term.

In an embodiment, said corrective term is a function of an inverse of the
depth.

In an embodiment, parameters of said function are defined by two
functions, each of said function being defined by a set of spline surfaces
continuously connected to each other. In this case, the error function may
include a regularization term constraining the derivatives of the said spline
surfaces.

The present disclosure further includes a computer program which is stored
on a computer readable storage media, and which is suitable for being performed
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on a computer, the program including instructions adapted to perform the steps of
the above-defined calibration method when it is run on the computer.

The computer program may use any programming language, and be in the
form of source code, object code, or code intermediate between source code and
object code, such as in a partially compiled form, or in any other desirable form.

The invention also provides a computer-readable recording medium
including instructions of a computer program as mentioned above.

The recording medium may be an entity or device capable of storing the
program. For example, the medium may comprise storage means, such as a read
only memory (ROM), e.g. a compact disk (CD) ROM, or a microelectronic circuit
ROM, or indeed magnetic recording means, e.g. a floppy disk or a hard disk.

Alternatively, the recording medium may be an integrated circuit in which
the program is incorporated, the circuit being adapted to execute or to be used in
the execution of the method in question.

According to a second aspect, for calibrating at least one camera placed
behind a transparent wall so as to obtain a projection function of the camera, a
camera calibration system is proposed. This camera calibration system comprises
a computer configured to:

S10) acquire a plurality of 3D-coordinates of points of a scene;

S20) acquire at least one image of the scene captured with a first camera
to be calibrated through the transparent wall;

S30) based on at least one image of the scene acquired by the camera
through the transparent wall, determine image-based 2D-locations of image points
in said at least one acquired image;

the image points corresponding to said points of the scene; and,

the projection function being determined as a function of at least one
refraction parameter;

S50) calculate the value of said at least one refraction parameter by
minimizing an error function;

the error function being a function of said at least one refraction
parameter;

the error function including a projection error function of distances between
said image-based 2D-locations and calculated 2D-locations obtained by applying
the projection function to the 3D-coordinates of said points of the scene.

The computer as mentioned above can be broadly any processor or set of
processors suitable for the execution of a program of instructions.
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Suitable processors for the execution of a program of instructions include,
but are not limited to, general and special purpose microprocessors, and the sole
processor or one of multiple processors or cores, of any kind of computer. A
processor may receive and store instructions and data from a computerized data
storage device such as a read-only memory, a random access memory, both, or
any combination of the data storage devices described herein. A processor may
include any processing circuitry or control circuitry operative to control the
operations and performance of an electronic device.

The computer can be connected to the camera to be calibrated. In this
case, it can directly acquire image(s) of the scene by means of said first camera.

The computer of the camera calibration system may further be configured
to implement any or all of the steps and/or to reproduce any or all of the features
of the above-defined method.

In particular, the camera calibration system may comprise any or all of the
following features (subject to the condition that they be technically compatible):

- the computer can be configured to calculate an initial projection function of the
camera between the points of the scene and the camera on the basis of said at
least one acquired image, and to calculate the value of said at least one refraction
parameter iteratively, taking into account refraction caused by the transparent
wall (40), the iterative algorithm being initialized with the initial projection function
of the camera.

- said at least one refraction parameter can include a radius of a sphere, the
transparent wall being thus modelled locally as a sphere. In this case, the
computer can be configured to calculate said calculated 2D-location of a point of
the scene using the projection function on the basis of a plane of refraction which
contains a 3D point of the scene under consideration, a center of the sphere, the
sphere being defined by a radius and a thickness, and a center of projection of the
camera. Moreover, in this case the computer can also configured to calculate said
calculated 2D-location of a point of the scene by calculating a value of an angle
formed relative to a line joining the center of the sphere to an optical center of the
camera by a ray in the plane of refraction which is projected from a point of the
scene under consideration to the optical center of the camera.

- the at least one refraction parameter can include an index of a material of the
transparent wall.

- the computer can be configured to calculate said calculated 2D-locations of
points of the scene using an additive correction function which outputs a
displacement in a normalized image plane due to refraction based on 3D-
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coordinates of a point of the scene and a depth of said point in the scene,
whereby the calculated 2D-locations are calculated based on the sum of 2D-
coordinates calculated without the additive correction and a corrective term
obtained by said correction function. In an embodiment, said corrective function
can be a function of an inverse of the depth (Z). In an embodiment, parameters of
the correction function can be defined by two functions, each of said functions
being defined by a set of spline surfaces continuously connected to each other.

- the error function can include a regularization term constraining the derivatives
of the said spline surfaces.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention may be better understood and its other objects and
advantages will become apparent to those skilled in the art by reference to the
accompanying drawing wherein like reference numerals refer to like elements in
the several figures and in which :

Fig.1 is a schematic view in perspective of a car facing a scene, comprising
a camera calibration system in an embodiment of the present disclosure;

Fig.2 is a schematic view of the computer of said camera calibration
system;

Fig.3 is a representation of an image acquired by the camera of said
camera calibration system, during calibration;

Fig.4 is a schematic view in 3D of the windshield, showing a point to be
acquired in a scene and its projection in an image, in a first embodiment of the
present disclosure;

Fig.5 is a schematic cross-section in 2D of the windshield, showing a point
to be acquired in a scene and its projection in an image, in the first embodiment
of the present disclosure;

Fig.6 is a schematic view of the combined effect of two spline functions, in
a second embodiment of the present disclosure; and

Fig.7 is a block diagram showing the steps of a calibration method
according to the present disclosure.

DESCRIPTION OF EMBODIMENTS
Figure 1 shows a car 100 (an example of a vehicle) in which is mounted a
driving assistance system 10 which forms an exemplary embodiment of the
present invention.
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The driving assistance system 10 (or, in short, the system 10) is, in the
present case, an automated driving system comprising an electronic control unit
(ECU) 20 and a camera 30. The camera 30 is mounted in car 100, and is fastened
behind the windshield 40 thereof. Camera 30 can be a CCD camera, a CMOS
camera, etc. It can operate in any wavelength range: infrared, visible, ultraviolet,
etc.

On Fig.1, car 100 is represented facing a scene A used to calibrate camera
30.

The material structure of the driving assistance system 10 is illustrated by
Fig.2. ECU 20 has the hardware architecture of a computer. ECU 20 comprises a
microprocessor 22, a random access memory (RAM) 24, a read only memory
(ROM) 26, an interface 28. These hardware elements are optionally shared with
other units of the driving assistance system 10. The interface 28 comprises a
driver interface with a (not-shown) display to transmit information to the driver of
the car 100, and interface connections with actuators and other components of
the car. In particular, interface 28 comprises a connection with camera 30 so as to
acquire images produced by the camera.

A computer program to calibrate camera 30 based on images acquired by
camera 30 is stored in memory 26. This program, and the memory 26, are
examples respectively of a computer program and a computer-readable recording
medium pursuant to the invention.

The read-only memory 26 of the ECU 20 constitutes a recording medium
according to the invention, readable by the processor 22 and in which said
program is stored.

Two exemplary embodiments of a calibration method according to the
present disclosure are now going to be presented in the following order:
. The initialization steps S10-S40 (common to both embodiments)
. Camera calibration step S50 for the first embodiment, in which it is assumed that
the windshield has a spherical shape;
. Camera calibration step S50 for the second embodiment, in which it is assumed
that the windshield can be modelled by a volume defined by at least two spline
functions, where each function is comprised by one or more spline patch(es).
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INITIALIZATION (STEPS S10-540)

Camera model
A pinhole camera model is defined by a relationship between a 3D point M
in @ scene and its projection m in an image such as:

(T) ~KRT(M—-1t) (1)

where:
M = (XY 2)"is a 3D point M of the scene
m = (x y)' is its projection in an image of the scene acquired by the camera
~ denotes equality up to a non-zero scalar multiple,
Kis a 3 x 3 calibration matrix,
Ris a 3 x 3 rotation matrix R representing the orientation of the camera,
T asin RT, denotes a transposed matrix, and
tis a translation vector t = (t, t, t; ) representing the position of the camera.
In this embodiment, it is assumed that the aspect ratio is 1 and skew is 0.
The calibration matrix K is therefore:

f 0 px
K= (O f py) (2)
0 0 1
where:
f is the focal length (in pixels), and

(px py)T are the pixel coordinates of the principal point of the camera.
To introduce radial distortion and refraction in the pinhole camera model,

equation (1) is rewritten as:
(1) =~x() @

with
D~p @
and
p=R'M-0 (5
where:

point p corresponds to the point M but expressed in the coordinate frame attached
to the camera (the camera coordinate frame);
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point q = (u v) is the “normalized” projection of point M before conversion to
image coordinates by equation (3).

In this embodiment, the basic pinhole camera model is further improved by
taking into account radial distortion. This is done by modifying equation (3) as

follows:
D=« (P ©

with:

D(@) =d*(u V)",

d=1+kir2+r' + ..,

r2 =u2 + v2, and

Ki , K2, . . . are parameters defining the radial distortion in the images of
the camera.

The distortion function D() radially displaces the normalized projection
before it is converted to image coordinates.

Initialization steps
To calibrate camera 30, the car 100 is placed at a fixed location in front of
scene A (Fig.1).

First, the 3D-positions of several points M; of scene A are acquired. The
points M; are preferably located so that their projections m; be evenly spread over
the whole surface of the images to be acquired by camera 30. Moreover, the
points M; are preferably located at various distances in depth Z from camera 30.

In first step S10, the 3D positions of N 3D-points M;, M,... My are measured
(only points M;-Ms are represented on Fig.1). For each point M;, its 3D-coordinates
are expressed in the local coordinate frame attached to the scene, as: M; (X, Y;,
Z)). The positions of points M; can for instance be measured with a tacheometer.

Then, one or more images I; (j=1..M) of the scene A are acquired by
camera 30, through windshield 40. Each of these acquired images I; is such that
the location of one or more point(s) M; of the scene A can be determined in the
image I;.
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As an example, Fig.3 represents image I, acquired by camera 30, and
shows 2D-points m;-mj3, which are the projections of points M; (i=1,2,3), as an
example of 2D-points m; formed in the image I;.

Please note that the images I; of the scene A can be acquired (step S20)
before, after or at the same time as the 3D-coordinates of the points M; are
acquired at step S10.

Then, the image-based 2D-locations (Xi,Yi)image Of image points mM; jmage iN
the images I; are determined. Any method can be used for this determination.

Consequently, at the end of these three steps (510-520-S30), for each of
the 3D points M, the following data is available:

- Coordinates (X;, Y, Z) of 3D-point M;, and

- Coordinates (X;Yi)image Of corresponding 2D-point m; image @s determined

in one or more image(s).
Typically, more than 1000 points M; are taken into account (N > 1000).

Then, the ‘initial model’ of the camera is determined; that is, in the
presently proposed embodiments, initial values of the camera parameters K, k;, R,
and t which intervene in equations (5) and (6) are determined. Any known method
can be used. The initial model can take into account more or less variables, to be
more or less realistic, as desired. For instance, in some embodiments radial
distortion is not taken into account.

The initial value of these parameters constitutes the initial model of the
camera.

CAMERA CALIBRATION STEP - SPHERICAL REFRACTION

The camera calibration step of a first embodiment of a calibration method
according to the present disclosure is now going to be presented. In this
embodiment, to calculate the projection function, the windshield is modelled as a
portion of a sphere.

Spherical refraction model
The refraction function Ref

To take into account the refraction of light through the windshield, a
refraction function ‘Ref’ is introduced in equation (4) as follows:
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(1) = Ref®)

Many functions can be envisaged for the refraction function Ref. To each
function Ref corresponds a number of parameters, called ‘refraction parameters’,
which define the effect of refraction on the light rays.

In this embodiment, since it is assumed that the windshield locally has the
shape of a sphere S, the windshield is defined by the following refraction
parameters: the position ¢ of the center of sphere S, its inner radius r, its
thickness d and the index n2 of its material (and optionally n1, the index of the
atmosphere)(Figs.4,5). It is assumed that camera 30 is positioned inside the
sphere S and that the points M; are outside the sphere. Parameters ¢, r, d and n2
collectively define the refraction caused by the windshield.

In the geometry illustrated in Figure 4, p is a point of scene A under
consideration, c is the center of the sphere S, and t is the center of projection of
the camera 30. In general, the 3 points p, ¢ and t define a unique plane of
refraction PR that passes through each of them. For reasons of symmetry,
refraction takes place in this plane, thereby reducing advantageously the 3D
projection problem to a 2D problem. For the special cases where ¢ coincides with
the origin t, or when the points p, ¢ and t are collinear, the pinhole camera can be
used as is.

In the plane of refraction PR, a refraction coordinate frame is defined by its
origin ¢, the x-axis pointing from c to t, the y-axis in the plane of refraction and
perpendicular to the x-axis, and the z-axis perpendicular to the x- and y-axis, as
illustrated in Figure 4.

The coordinate transformation between camera and refraction coordinates
is therefore determined as follows:

The directions of the x, y and z axis in camera coordinates are determined
by the equations:

t—c C
&= e~ o &
h
= — 1 e _ T —_
ey = - withh = (I-exe?) (p-0) (9)

e, =e X e, (10)

in which points p, ¢ and t are expressed in camera coordinates, and where
x denotes the cross-product.
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In addition, for a point v expressed in camera coordinates, the
corresponding point v’ in refraction coordinates is obtained as:

vV =RT(v-c) withR=(ex ey e;) (11)
and conversely:

v=Rv +c (12)

To calibrate the camera, a projection function is defined beforehand. For
each point p; of scene A, this function outputs a calculated projected point
Mi_calculated, that is, its calculated 2D-location (Xi,Yi)caiculated- This function depends
on the values of the refraction parameters (the position of center ¢ of sphere S, its
radius r, its thickness d, the index n2 of its material) and of the camera
parameters.

In the present embodiment, considering equation (7), finding the projection
of a point p through the refracting medium of sphere S comes down to finding the
ray projected back from the center of projection t of the camera, which after
refraction passes through that point p. Since this problem is symmetrical with
respect to the plane containing the point p, the center of projection of the camera
t and the center ¢ of the sphere, it is sufficient to consider only the plane PR
containing these three points. The 3D projection problem is therefore reduced to a
2D problem which can be solved iteratively.

In this purpose, we now consider the refraction of ray B through sphere S
in plane PR (i.e., the XY plane), as shown in Figure 5.

p = (p1 p2)" is a point that must be projected (which corresponds to point M first
converted to the camera coordinate frame using equation (5), and then converted
to the refraction coordinate frame using equation (11)).

t = (t1 0)" is the center of projection of the camera.

c = (0 0)" is the center of the sphere.

nl and n2 are the indices of air and of the glass of the sphere, respectively.

r is the inner radius of sphere S, and

d is the thickness of sphere S.

Let (s, k), (s, k') and (s”, k") be the starting points and direction vectors for
each of the successive ray segments, respectively. The first ray segment originates
in the center of projection of the camera t, where it makes an angle o with the x-
axis, so s = tand k = [cos a; sin 0]. Then, it intersects the inner sphere and is
refracted. Points on the line associated with the first ray segment are given by
equation:
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m=s+ Ak, (13)

where A parametrizes the line. The intersection of this line with the inner
surface of sphere S is the positive solution for A of the quadratic equation below:

|| s +2Ak ||>=R* (14)

The starting point of the second ray segment is given by this intersection:
s’ = (s'155)" = s + Ak. Since 81 = a — B with B = atan2(s’,, s'1), the angle 62 can
be obtained from Snell’s law of refraction since n1 sin 81 = n2 sin 62.

The direction vector of the second ray segment is then given by:

k' = [cos(B +62 ) sin(B +62)]T

For the ray segment exiting the outer surface of sphere S, the starting point
s” and direction vector k” are obtained using similar steps.

As shown by Fig.5, a ray B comprising ray segments (s, k), (s, k') and (s”,
k") is entirely defined by the angle a formed between vector k and the axis x.
That is, in the plane of refraction PR (Fig 4), the choice of angle 0. completely
determines the path of ray B. Consequently, calculating the position of the point
M; calculated IN the image which corresponds to point p is done simply by determining
the angle a of the ray B which passes through point p.

The line corresponding to the part of the ray exiting the outer surface of
sphere S, and defined by the starting point s” and direction vector k”, divides the
refraction plane PR in two half-planes or sides. If this line passes through the
point p that must be projected, the angle o has the value which is sought;
otherwise, the point p is on one side or the other of this line.

To calculate the angle a of the ray B which passes through point p, a
signed distance function is identified, which outputs a signed distance between the
above-mentioned line (s”,k”) and point p. The sign of the returned value
determines the side of the line on which point p is, and the absolute value gives
the point-to-line distance. The root or zero-crossing of this distance function then
corresponds to the value of the angle o which is looked for.

Let k” = (k"1 k"2)": The distance function f is defined as the projection of

the vector (p — s”) onto the direction perpendicular to k":
_k"z
— _M\T
floy = (p-s)7(y") (15

The regula-falsi method, or any equivalent method, is then used to find the
root of f(a)=0. In Figure 5, the solution is given by ray C, which intersects the

inner surface of sphere S at point P.
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The point P associated with the value of a, which results from the
projection of point p, can then be used to define the function Ref in equation (7)
as Ref(p)=P (it should be noted that the function Ref is expected to return points
expressed in the camera coordinate frame).

To summarize, the projection function is defined by the following steps,
which are performed to determine the calculated image points mj caicuated based on
the value of the 3D-points Mi:

For each point Mi:

- Convert the 3D-coordinates of the point Mi to the camera coordinate
frame, using equation (5);

- Convert the resulting point p to the refraction coordinate frame using
equation (11);

- Find the root of equation f(a)=0, and the associated point P;

- Convert the point P to the camera coordinate frame using equation
(12);

- With Ref(p)=P (in camera coordinates, see previous step), apply

equation (7) to obtain the normalized projection g; and

- Calculate mj caicuiates DY @applying equation (6).

S50) Calculation of the final model of the camera

For the last calculation step S50, the values of the camera model
determined at step S40 as used as initial values for the values of the parameters
of the camera; namely in the present exemplary embodiment, parameters K, k;, R,
t, which intervene in equation (6).

Then, the values of the various parameters of the model, which include
both the camera parameters, and the refraction parameters, are determined
iteratively using the following method.

For each 3D point M;, a value of its projection (2D-point m;) is calculated
using the above-described projection function. More specifically, for any point M;,
the value of the angle a which corresponds to point M; is calculated using the
above-described function. Once o has been calculated, the corresponding
calculated 2D-point can be readily calculated.

Consequently, for each 3D point M;, the following data is available:

- 3D-point coordinates (X, Yi, Z),

- Corresponding 2D-point m; image coordinates (X;Yi)image @s determined in

the image, and
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- Corresponding 2D-point m; caiculated COOrdinates (Xi,Yi)carcuiateas @S calculated
using the projection routine described above.

Based on this data, the value of the error function E can be calculated:
Eprojection = Zlf diSt( mi_image, mi_caIcuIated) 2

This error function Eprgjection S then minimized.

Any suitable minimization algorithm can be used. For instance, in the
present embodiment, the Levenberg-Marquardt algorithm is used. Such algorithm
is readily available in computing packages such as Matlab (Registered trademark).

Typically, optimization or minimization packages need to evaluate the value
and the derivatives of each term in the error function at arbitrary parameter
values, so the iterative nature of the above-described projection function might
present as a problem. However, optimization packages that use automatic
differentiation techniques, such as Ceres (Registered trademark), can
automatically evaluate the derivative of a function specified by a computer
program.

By running the minimization algorithm, the various refraction parameters
involved in the projection function are determined: the camera parameters K, k;,
R, and t involved in equation (5) and (6), as well as the refraction parameters:
location of the center ¢ of the sphere, n2 index of the glass of the sphere, rand d
the inner radius and the thickness of sphere S. Accordingly, the projection function
is fully determined, whereby the calibration of the camera is completed.

The model of the camera so identified can be used in various ways.

It can be used in particular to calculate corrected position values of regions
of interest identified in images acquired by the camera. The camera model makes
it possible to calculate corrected positions which compensate for the refracting
effect of the windshield in front of the camera.

CAMERA CALIBRATION STEP - SPLINE REFRACTION

In the first embodiment, a simple spherical model has been assumed for
the windshield, making it possible to obtain a formula for the projection function
relatively simply, using a small number of refraction parameters.

In a second embodiment, as explained in more details below, the projection
function is mainly defined by two sets of spline patches, as shown schematically
on Fig.6. Fig.6 shows the weighted combination of two or multiple splines
generated for different depths. For instance, these splines can be 2D splines that
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model the shift of the projection of point p in image space due to refraction
caused by the windshield.

Spline refraction model
The refraction function Ref

Let p = [X Y Z]" be a 3D point that must be projected, expressed in camera
coordinates. If refraction is ignored, the normalized projection qo of this point is

given by:

q
(10) ~p (16)
The actual projection q taking into account refraction is then defined by
introducing a correction Aq to the projection qp such that g=qo+Aq, and which
allows to define the refraction function Ref from equation (7) as follows:

(;1) ~ Ref(p) = (qo -Il-Aq) (17)

where the correction Aq is a displacement in the normalized image plane due to
refraction. The correction Aq is a function of the point p, or equivalently, the
projection qo and depth Z.

Consequently, based on equation (6), it is concluded that:

(T) ~ KD(q) = KD(qo +Aq) (6.1)

The correction term Aq will be approximated by a model based on splines.

But beforehand, to simplify this model it is first assumed that, for a
projected point qo, the corrections for different depths form a line parametrized by
inverse depth. So, for a projected point qo, the parameters of the line joining two
points can be calculated simply based on the correction values at two different
depths.

For this reason, to calculate the function Aq(qo,Z), it seems necessary to
evaluate Aq(qe,Z) for two different depths Z1 and Z2, so as to obtain the
correction values at two different depths, namely Aql(qe) = Aq(qo,Z1) and
Ag2(qo) = Aq(qo,Z2).

Consequently, based on these assumptions, the correction Aq(qo, Z) is
approximated as:

Aq1(do)(z5—3)+A92(d0) (3-57)

(=)
Z2 71

Aq(qo, Z) = (18)
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where Ag1(qo) and Ag2(qo) are defined over the normalized image only.
The above equation 18 describes the weighting for two splines created for
depths Z1 and Z2.

However, since Aq(qo, Z) is not available, Aq1(qe) and Ag2(qp) have to be
modelled, and are modelled by two spline-based functions f1(qo;01) and f2(qe;62),
respectively: the values of the parameters 61 and 62 (which are the parameters of
the spline patches) will be optimized by the procedure presented below.

Accordingly, the final spline-based refraction function is defined by the
following equations:

r(q,Z) = Aq(q,Z)

Ref(p) = (90 rl(qO’ 2) 9

where the corrective term r(qo,Z) is given by:

. 11 : i1
r(qojz)zfl(qo’(al)(zz (ﬁifi()qo’gz)(z 21) (20)
72 71

In this implementation, Z1 = 1 and Z2 = +co are arbitrarily selected.

With g = [u v]" being the normalized projection of a 3D point p, each of the
spline-based functions f1(q) and f2(q) from the previous section has two
components.

Let the function s(q), or s(u, v), denote one of these two components.

The function s(u, v) is modelled by a 2D grid of connected bicubic spline
patches, where neighbouring patches share function values and derivates at their
corners to ensure continuity across patches.

In order to evaluate a value s(u,v), the patch which corresponds to the
selected value of (u,v) must first be selected, based on the coordinates u and v.

Then, the value of s(u,v) is calculated by using the bicubic patch function p
of the selected patch. This patch function p takes the following form:

p(uv) =[uduzul]TC[v3viv1] (21)
with
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cll1cl2c13cl4

— c21c22c23 c24
C= c31c32c33c34 (22)

c41 c42 c43 c44

The coefficients of the matrix C are completely determined by the function
values s and the derivatives 9s/9dx, ds/dy, and 92s/dxdy stored at the four corners
of the patch. Indeed, matching the function p(u, v) with these values yields 16

5 linear equations in the 16 coefficients. Since the function values and derivates are
shared across patches, they completely determine the function s(u, v) as well, and
can therefore be used as parameters in an optimization.

Furthermore, there is also an inherent sparse structure that can be
exploited during optimization since each evaluation of s(u,v) only interacts with a

10 single patch.

Because the above spline representation has many parameters, it can be
prone to overfitting, so regularization is necessary in order to determine the
parameters of the C matrices. In order to enforce some smoothness, a so-called
“thin-plate constraint” is used. The thin-plate energy for a single patch p(u, v) can

15  written as:

d°p ’ d°p ’ d°p ’
E=H’9 u* e dudv | v’ cudy (23)

where Q is the domain of the patch. This can be rewritten as:
E=7TAz (24)

20 where z is a 16-vector that holds the function values and derivatives of the
four corners of the patch, and A is a fixed 16 x 16 symmetric positive semidefinite
matrix.

The thin-plate energy Ewinplate for the function p(u, v) is then the sum of
energies E of all patches. The role of this function Etinpiate Will be explained later.

25  The projection subroutine

Based on the model of the refraction function Ref presented aboved, the
projection routine involved for determining the calculated image points m; caiculated,
based on the value of the 3D-points Mi can now be defined. For each point Mi, the
following steps must be carried out:

30 - Convert the point Mi to the camera coordinate frame using equation (5),

which provides the point p = [X Y Z]"
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- Compute the normalized projection qo of point p using equation (16)

- Evaluate the spline functions f1(q;61) and f2(qq;62). (for each
evaluation, since each bi-cubic patch covers only a part of the
normalized image plane, it is necessary to select the appropriate patch
based on the coordinates of qo)

- On the basis of f1(qo;01), f2(qo;62) and Z, the corrective term r(qo, Z) is
thus determined using equation (20)

- The normalized projection q is then calculated based on the equation:
q=0o+r(qo, Z)

- The projected point m; ccuates and its coordinates (Xi,Yi)ciculated are
finally obtained by applying equation (6).

S50) Calculation of the final model of the camera

The final model of the camera is calculated substantially as in the first
embodiment, except that, since refraction is modelled quite differently, using
different parameters, the projection subroutine is totally different, as explained
above.

Initial values are set for the respective values of the parameters. In
particular, these initial values can be values of the camera model which have been
determined as the final camera parameters using the spherical refraction model;
namely in the present exemplary embodiment, parameters K, k;, R, t, which
intervene in equation (5) and (6).

In addition, as initial values, all the parameters of the matrices Ci are set to

Then, the values of the various refraction parameters of the spline-based
model are determined iteratively by minimising an error function E, as in the first
embodiment. Here, the distance based energy function Eprgjection Used in the first
embodiment is augmented with a thin-plate energy term Etninpate that favours
smooth spline functions in order to prevent overfitting. So, the total energy to be
minimized is given by:

E= Eprojection + A Ethinplate

The meta-parameter A is determined automatically to find the optimal balance
between fitting the data and favouring smooth solutions. This is done by
partitioning the data set in a training set and a test set. The above energy
function E is then optimized using the training set for a range of A values, and
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evaluated on the test set (not used in the optimization). When evaluated on the
test set, the lowest value for the error Eprection identifies the optimal value for A.
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CLAIMS

1. A method for calibrating a camera (30) mounted behind a transparent
wall (40) so as to obtain a projection function of the camera;

said projection function receiving coordinates of a point (Mi) of the scene
(A) as an input, and providing a calculated 2D-location ((Xi,Yi)caiculated) Of @
projection of the point (Mi) in an image (Ii) of the scene as an output;

wherein the method comprises:

S30) based on at least one image (Ii) of the scene (A) acquired by the
camera (30) through the transparent wall (40), determining image-based 2D-
locations ((Xi,Yi)image) Of image points (M; image) iN said at least one acquired image
(Ii), the image points (Mimage) corresponding to said points (Mi) of the scene; and,

the projection function being determined as a function of at least one
refraction parameter;

S50) calculating the value of said at least one refraction parameter by
minimizing an error function (E);

the error function being a function of said at least one refraction
parameter; and

the error function (E) including a projection error (Eprgjection) function of
distances between said image-based 2D-locations ((xi,Yi)image) and calculated 2D-
locations ((Xi,Yi)calculated) Obtained by applying the projection function to the points
(Mi) of the scene.

2. A method for calibrating a camera according to claim 1, wherein
the method further comprises:
$S40) calculating an initial projection function of the camera between the points of
the scene and the camera on the basis of said at least one acquired image (Ii);
and
at step S50), the value of said at least one refraction parameter is calculated
iteratively, taking into account refraction caused by the transparent wall (40);
the iterative algorithm being initialized with the initial projection function of the
camera.

3. A method for calibrating a camera according to claim 1 or 2 in which said
at least one refraction parameter includes a radius of a sphere, the transparent
wall (40) being thus modelled locally as a sphere (S).
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4. A method for calibrating a camera according to claim 3, in which said
calculated 2D-location ((X;,Yi)calculated) Of @ point of the scene is calculated using the
projection function on the basis of a plane of refraction (PR) which contains a 3D
point of the scene (A) under consideration, a center (c) of the sphere (S), the
sphere being defined by a radius (r) and a thickness (d), and a center (t) of
projection of the camera (30).

5. A method for calibrating a camera according to claim 4, in which said
calculated 2D-location of a point of the scene is calculated by calculating a value
of an angle (a) formed relative to a line joining the center (c) of the sphere (S) to
an optical center (t) of the camera (30) by a ray in the plane of refraction (PR)
which is projected from a point (Mi) of the scene under consideration to the
optical center (t) of the camera (30).

6. A method for calibrating a camera according to any one of claims 1 to 5
in which said at least one refraction parameter includes an index (n2) of a material
of the transparent wall.

7. A method for calibrating a camera according to claim 1 or 2, in which
said calculated 2D-locations ((Xi,Yi)ciculated) Of points (Mi) of the scene are
calculated using an additive correction function (Aq(p,Z)) which outputs a
displacement in a normalized image plane due to refraction based on 3D-
coordinates of a point (Mi) of the scene and a depth (Z) of said point in the scene,
whereby the calculated 2D-locations ((X,Yi)caiculated) are calculated based on the
sum of 2D-coordinates (q') calculated without the additive correction and a
corrective term (Aq(q, Z)") obtained with said correction function.

8. A method for calibrating a camera according to claim 7, in which said
correction function is a function (Aq(q,Z)) of an inverse of the depth (2).

9. A method for calibrating a camera according to claim 7 or 8, in which
parameters of said correction function (Aq(qg,Z)) are defined by two functions
(f1,f2), each of said function being defined by a set of spline surfaces continuously
connected to each other.
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10. A method for calibrating a camera according to claim 9, in which the
error function (E) includes a regularization term (Eyinplate) CONSstraining the

derivatives of the said spline surfaces.

11. A computer program which is stored on a computer readable storage
medium, and which is suitable for being performed on a computer, the program
including instructions adapted to perform the steps of a method according to any
one of claims 1 to 9 when it is run on the computer.

12. A computer-readable recording medium including instructions of a
computer program according to claim 10.

13. A camera calibration system for calibrating at least one camera (30)
mounted behind a transparent wall (40) so as to obtain a projection function of
the camera;

said projection function receiving coordinates of a point (Mi) of a scene (A)
as an input, and providing a calculated 2D-location ((Xi,Yi)caiculated) Of @ projection
of the point (Mi) in an image (Ii) of the scene as an output;

the camera calibration system comprising a computer (20) configured to:

S10) acquire a plurality of 3D-coordinates of points of a scene (A);

S20) acquire at least one image (Ii) of the scene (A) captured with a first
camera (30) to be calibrated through the transparent wall (40);

S30) based on at least one image (li) of the scene (A) acquired by the
camera (30) through the transparent wall (40), determine image-based 2D-
locations of image points (m;_image) in Said at least one acquired image (Ii);
the image points (Miimage) COrresponding to said points (Mi) of the scene; and,

the projection function being determined as a function of at least one
refraction parameter;

S50) calculate the value of said at least one refraction parameter by
minimizing an error function (E);

the error function being a function of said at least one refraction
parameter;

the error function (E) including a projection error (Eprgjection) function of
distances between said image-based 2D-locations ((xi,Yi)image) and calculated 2D-
locations ((Xi,Yi)calculated) Obtained by applying the projection function to the 3D-
coordinates of said points (Mi) of the scene.
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14. The camera calibration system according to claim 13, wherein the
computer is configured to calculate an initial projection function of the camera
between the points of the scene and the camera on the basis of said at least one
acquired image (Ii); and to calculate the value of said at least one refraction
parameter iteratively, taking into account refraction caused by the transparent
wall (40), the iterative algorithm being initialized with the initial projection function
of the camera.

15. The camera calibration system according to claim 13 or 14, wherein
said at least one refraction parameter includes a radius of a sphere, the
transparent wall (40) being thus modelled locally as a sphere (S).

16. The camera calibration system according to claim 15, wherein the computer is
configured to calculate said calculated 2D-location ((Xi,Yi)caicuated) Of @ point of the
scene using the projection function on the basis of a plane of refraction (PR)
which contains a 3D point of the scene (A) under consideration, a center (c) of the
sphere (S), the sphere being defined by a radius (r) and a thickness (d), and a
center (t) of projection of the camera (30).

17. The camera calibration system according to claim 16, wherein the
computer is configured to calculate said calculated 2D-location of a point of the
scene by calculating a value of an angle (o) formed relative to a line joining the
center (¢) of the sphere (S) to an optical center (t) of the camera (30) by a ray in
the plane of refraction (PR) which is projected from a point (Mi) of the scene
under consideration to the optical center (t) of the camera (30).

18. The camera calibration system according to any one of claims 13 to 17,
wherein said at least one refraction parameter includes an index (n2) of a material
of the transparent wall.

19. The camera calibration system according to claim 13 or 14, wherein the
computer is configured to calculate said calculated 2D-locations ((X;,Yi)caicuiated) OF
points (Mi) of the scene using an additive correction function (Aq(p,Z)) which
outputs a displacement in a normalized image plane due to refraction based on
3D-coordinates of a point (Mi) of the scene and a depth (Z) of said point in the
scene, whereby the calculated 2D-locations ((Xi,Yi)carcuated) are calculated based on
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the sum of 2D-coordinates (q") calculated without the additive correction and a
corrective term (Aq(q, Z)") obtained with said correction function.

20. The camera calibration system according to claim 19, wherein said
correction function is a function (Aq(q,Z)) of an inverse of the depth (2).

21. The camera calibration system according to claim 19 or 20, wherein
parameters of said correction function (Aq(qg,Z)) are defined by two functions
(f1,f2), each of said functions being defined by a set of spline surfaces
continuously connected to each other.

22. The camera calibration system according to claim 21, wherein the error
function (E) includes a regularization term (Eipinpiate) CONstraining the derivatives

of said spline surfaces.
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