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(57) Abstract: Apparatus for determining model parameters, the apparatus
comprising an object model transformer, a region comparator, and a model
parameter determiner. The object model transformer is configured to receive
an object model of a known object and to transform the object model based
on a set of model parameters from a first frame of reference to a second
frame of reference. The object model transformer is further configured to
determine as result of this transformation a transformed object model com-
prising at least one region, the at least one region being associated to an ob-
ject region of the object. The region comparator is contfigured to receive the
transformed object model and an image depicting the object, to determine
for a selected region of the transformed object model a region-related simil-
arity measure representative of a similarity between the selected region and
an image section of the image associated to the selected region via a trans-
formation-dependent mapping. The model parameter determiner is con-
figured to determine an updated set of model parameters on the basis of the
region-related similarity measure and an optimization scheme.
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Determining Model Parameters Based on Transforming a Model of an Object

Description

Embodiments of the present invention relate to an apparatus for determining model param-
eters. Some embodiments relate to a method for determining model parameters. Some
embodiments relate to a region-based object detection and tracking framework. Some em-
bodiments relate to a model parameter determination based on matching regions. Some
embodiments relate to a unified Color and Geometric Camera Calibration Framework. A
calibration framework is described that allows individual or simultaneous geometric and/or
color calibration of cameras in a highly efficient, robust and unified way.

Background of the invention

In this section a short overview over the state of the art of camera calibration algorithms
will be given. Under camera calibration we understand a process of estimating geometric

and/or colorimetric properties of a camera.

Geometric calibration can be divided in two parts: estimating the inner and the outer orien-
tation. The inner orientation describes how light waves are projected from 3-D world
through the optical lens system onto the 2-D image sensor. Inner orientation is given by a
3x3 upper triangular matrix (also called intrinsic camera matrix) which describes the geo-
metric projection of light. Due to inaccuracies of lens and image sensor additional geomet-
ric distortions can appear in the image, whereby pixels are displaced related to their ideal
positions. These distortions are described through so called lens distortion coefficients.
Outer orientation (also called extrinsic camera parameters) describes the position of the
camera in the world and is given by a rotation matrix and translation vector. This position
can be either relative to a given world coordinates system or with respect to some calibra-

tion pattern or another camera.

There are several generally different approaches to estimate the geometrical distortion and
inner orientation parameters. A widely used class uses some kind of specially designed
calibration object with a-priori known geometry (see references [2, 24, 21] indicated in list
at end of this description). Such a calibration object can be a 2-D plane [24], a 3-D object
[21], or 1-D object [25]. The second class of algorithms tries to analyze the scene in order
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to extract some potentially distorted geometric features such as straight lines, or right an-
gles and to use these geometric information for camera calibration [8, 3, 4, 5]. A relatively
recent approach tries to utilize the symmetry information contained in many artificial and
natural objects. A transformation for the observed (mostly planar) object of interest is cal-
culated which brings it in the most symmetric representation [26, 19]. The last class of
algorithms doesn’t use any a-priori knowledge but tries to analyze the parameters based on
point-to-point correspondences from a number of images [6, 20, 3]. A good overview can

be found in reference [11].

The outer orientation of a camera describes its position in the world related to a coordi-
nates system. This coordinates system can be given by another camera, or by a calibration
object, or uniquely defined by the user. In order to determine the outer orientation one or
more views of a scene are required. In [24] the outer orientation is obtained in reference to
the pattern which is supposed to be placed in the coordinate origin. Otherwise the orienta-
tion of cameras in a camera array, or the trajectory of a moving camera can be found by
evaluating the point correspondences in adjacent camera images. At least 7 correspondence
points allow the calculation of a so called fundamental matrix, which describes the rotation
and translation parameters [16, 9, 10].

The colorimetric calibration describes the light intensity and color deviations occuring in
an optical system. A number of typical errors are summed up as chromatic aberration [17,
13]. Another typical error is vignetting [27, 23]. Due to different illumination conditions
the reproduction of colors in an image can deviate significantly from the real colors per-
ceived by the physical eye. This is due to the fact that the eye can automatically adapt to
different light (different light temperature), but a camera can not. Different algorithms for
color correction from free scenes can be found in [18, 14, 15,1, 7,22]. Ifa color checker is
available for calibration the color correction can be done by calculating a 3x3 matrix which
transforms the distorted colors to the corrected representation. In reference [12] an ap-

proach can be found for color and geometric calibration.

Most of the above mentioned concepts for calibrating a camera require a relatively high
computational effort. For example, some of the above mentioned approaches for camera
calibration require a complete rendering of a known calibration object using computer
graphics. In addition, the complete rendering has to be repeated whenever one or more of
the camera parameters is modified, i.e. possibly once per iteration of an optimization algo-
rithm to determine a good estimation of the camera parameters. Other of the mentioned
approaches for camera calibration require an image feature analysis and/or a symmetry
determination which typically are computationally intensive.
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Another task that may have to be performed on an image (more general: data) acquired by
a camera or another acquisition device (e.g., X-ray, computer tomography, magnetic reso-
nance imaging, millimeter wave scanner, radar, sonar, etc.) is the detection and/or the
tracking of an object. The camera parameters (or acquisition parameters) are known with
sufficient precision. Furthermore, at least some object-related parameters are typically
known. In order to detect or track an object, the position and/or the orientation of the object

may be determined.

Embodiments of the present invention provide an apparatus for determining model pa-
rameters. The apparatus comprises an object model transformer, a region comparator, and
a model parameter determiner. The object model transformer is configured to receive an
object model of a known object and to perform a transformation of the object model based
on a set of model parameters. The transformation transforms the object model from a first
frame of reference to a second frame of reference. As result of this transformation the ob-
ject transformer is configured to determine a transformed object model comprising at least
one region, the at least one region being associated to an object region of the object. The
region comparator is configured to receive the transformed object model and an image
depicting the object. The region comparator is further configured to determine for a select-
ed region of the transformed object model a region-related similarity measure. The region-
related similarity measure is representative of a similarity between the selected region and
an image section of the image. This image section is associated to the selected region via a
transformation-dependent mapping. The model parameter determiner is configured to de-
termine an updated set of model parameters on the basis of the region-related similarity

measure and an optimization scheme.

Typically, but not necessarily, the model parameters are determined by the apparatus in the
context of, or in relation to, an imaging technique for imaging an object. The imaging
technique may be optical, sound-based (e.g., Sonar), radiation-based (e.g., X-ray, computer
tomography, Radar, etc.), electromagnetic field-based (e.g., millimeter wave scanner), and
the like. Furthermore, the imaging technique may be for acquiring the object in a n-
dimensional manner (one-dimensional, two-dimensional, three-dimensional, ...) and pro-

duce an m-dimensional image, with m and n being equal or different.

Further embodiments of the present invention provide a method for determining model
parameters using a known object. The method comprises receiving an object model of the
object, transforming the object model, receiving an image, determining a region-related
similarity measure, and determining an updated set of model parameters. The transforming
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of the object model is based on a set of model parameters. A corresponding transformation
transforms the object model from a first frame of reference to a second frame of reference.
As result of this transformation a transformed object model is determined, the transformed
object comprising at least one region. The at least one region is associated to at least one
object region of the object. The image that is received depicts the object. The region-
related similarity measure is determined for a selected region of the transformed object and
is representative of a similarity between the selected region and an image section of the
image associated to the selected region via a transformation-dependent mapping. Deter-
mining the updated set of model parameters is done on the basis of the region-related simi-
larity measure and an optimization scheme. Typically, but not necessarily, the model pa-
rameters are determined in the context of, or in relation to, an imaging technique for imag-

ing an object.

Further embodiments of the present invention provide a computer program having a pro-
gram code for performing, when running on a computer, the above mentioned method.
Similarly, a computer readable digital storage medium may be provided by some embodi-
ments having stored thereon a computer program having a program code for performing,
when running on a computer, a method for determining model parameters using a known
object, the method comprising: receiving an object model of the object; transforming the
object model based on a set of model parameters, a corresponding transformation trans-
forming the object model from a first frame of reference to a second frame of reference, to
determine as result of this transformation a transformed object model comprising at least
one region, the at least one region being associated to at least one object region of the ob-
ject; receiving an image depicting the object; determining for a selected region of the trans-
formed object model a region-related similarity measure representative of a similarity be-
tween the selected region and an image section of the image associated to the selected re-
gion via a transformation-dependent mapping; and determining an updated set of model
parameters on the basis of the region-related similarity measure and an optimization
scheme. Typically, but not necessarily, the model parameters are determined in the context

of, or in relation to, an imaging technique for imaging an object.

In some embodiments of the present invention the transformation of the object model typi-
cally requires little computational effort. The same may be true for the regional-related
similarity measure. Therefore, tasks that typically need to be performed once per iteration,
e.g., for each new updated set of model parameters, may be performed relatively fast.

The mentioned transformation of the object model to the transformed object model may

further comprise an image value transformation. The similarity measure may comprise a
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geometric similarity component and an image value similarity component. The geometric
similarity component indicates how well the geometry of the image section matches the
geometry of the selected region. The geometric similarity may consider any translational
offset and/or rotational deviation between the image section and the selected region. In
addition or in the alternative, the geometric similarity may take into account how well a
shape (e.g. boundary, circumference, etc.) of the image section matches the shape of the
selected region. The image value similarity component indicates how well image values
(e.g., colors, shades of gray, absorption coefficients (in the case of X-ray or CT images),
reflection coefficients (in the case of radar, sonar), etc) of the image section coincide with
image values of the selected region, the image values of the selected region being related to
the image values of the image section via the transformation-dependent mapping.

The object model may comprise a data structure (e.g., a vector, an XML list, etc.) describ-
ing the at least one region by means of geometric properties. The object model transformer
may be configured to transform the geometric properties to transformed geometric proper-
ties of the transformed object model.

The region comparator may be configured to integrate characteristic values of the image
over the selected region. Furthermore or alternatively the region comparator may be con-
figured to evaluate at least one integral image of the image for determining the region-
related similarity measure. The region comparator may also be configured to approximate
boundaries of the selected region by a closed curve having curve segments that are parallel
to coordinate axes of the image. It is also possible that the region comparator is configured
to evaluate the image section using the discrete Green’s theorem, wherein a boundary of
the image section used for the discrete Green’s theorem is based on a polygonal approxi-
mation of a boundary of the selected region. Another option for the region comparator is
that it may be configured to determine at least one statistical moment of the image for the
selected region and to determine the region-related similarity measure on the basis of the at
least one statistical moment. The region comparator may be configured to determine a
mean image value on the basis of a first statistical moment and a uniformity measure on
the basis of a second statistical moment for a uniformity of occurring image values within
the image section, wherein the mean image value may be compared with an expected im-
age value associated with the selected region to obtain a corresponding comparison result.
The uniformity measure may indicate how well the image section is aligned with the se-
lected region, the similarity measure being determined on the basis of, at least, the compar-
ison result and/or the uniformity measure. The foregoing options for the region comparator
may be implemented individually or combined with each other.



10

15

20

25

30

35

WO 2012/113732 PCT/EP2012/052798

The object model may describe a plurality of regions corresponding to a plurality of cali-
bration regions of the object, wherein the region comparator may be configured to iterate
the selected region over at least a subset of the plurality of regions of the object model and
to determine a combined similarity measure on the basis of a plurality of region-related

similarity measures.

The object may comprise a plurality of shade or color calibration regions, each shade or
color calibration region containing a unique shade or color. The selected region may be

one of the plurality of shade or color calibration regions.

The optimization scheme may perform at least one optimization step of one of the
Levenberg-Marquardt algorithm, a particle filter, Downhill-Simplex, a genetic algorithm,

or a combination of any of these.

The apparatus may be configured to repeat a calibration parameter determination per-
formed by the object model transformer, the region comparator, and the calibration param-
eter determiner on the basis of the updated set of parameters as the current set of parame-

ters.

The object may be one of a calibration chart, a calibration object, and a standardized ob-
ject.

Embodiments of the present invention are described herein making reference to the ap-
pended drawings.

Fig. 1 schematically shows a setup for calibrating a camera using a calibration object such

as a calibration chart;

Fig. 2A shows a schematic block diagram of an apparatus for determining model

parameters according to some embodiments;

Fig. 2B shows a schematic block diagram of an apparatus for determining calibra-

tion parameters for a camera according to some embodiments;
Fig. 3 schematically illustrates a transformation of an object model;

Fig. 4 shows, as a schematic block diagram, a system overview of a calibration framework

according to the teachings disclosed herein;
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Fig. 5 schematically illustrates a portion of a camera image and, for reference, a portion of
a transformed calibration chart model, the portion depicting several regions of different

color;

Fig. 6 schematically illustrates the portion of the transformed calibration chart model and
the portion of the camera image from Fig. 5, in order to emphasis a selected region of the
transformed calibration chart model;

Fig. 7 schematically illustrates the portions of the transformed calibration chart model and
of the camera image of Fig. 6 with a boundary of the selected region being approximated
by an inscribed shape;

Fig. 8 schematically illustrates the portions of the transformed calibration chart model and
of the camera image of Fig. 6 with a boundary of the selected region being approximated
by a circumscribing shape;

Fig. 9 schematically illustrates an inner and outer shape approximation of a polygon;
Fig. 10 shows a schematic block diagram illustrating a processing of the camera image and
of the selected region to determine a similarity measure between the selected region and an

associated image section of the camera image;

Fig. 11shows a schematic flow diagram of a method for determining camera calibration

parameters according to the teachings disclosed herein,

Fig. 12a shows a flow diagram of a method according to an embodiment of the pre-

sent invention;

Fig. 12b shows a block schematic diagram of an apparatus according to an embodi-
ment of the present invention;

Fig. 13a shows an example on how to choose a value at a vertex for summing or sub-
tracting to derive the measure of the region according to an embodiment;

Fig. 13b shows an example for a two-dimensional picture representation and a corre-
sponding integral image with the region to be approximated;
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shows the two-dimensional picture representation and the integral image
from Fig. 12b with a changed region to be approximated;

shows an example for a closed curve or a shape comprising only segments
that approximate the boundary of a region, wherein all segments are parallel

to the axis;

shows how a triangle can be approximated using a method according to an

embodiment with different precisions;

shows examples for different closed curves approximating a border of a

triangle;
shows examples of manipulating the triangle from Fig. 15a and 15b;

shows an example for different closed regions of shapes with intersections
which are added or subtracted depending on the orientation;

shows an example for a fast and simple algorithm for finding all pixels en-
closed by a shape in an image or bounding box;

shows an example for a primitive 2D region based object model for a traffic
sign comprising various regions with different (or equal) characteristics (e.g.
intensities, variances);

shows an example of an arbitrary region approximated by axis aligned rec-

tangles; and

shows an example of a small manipulation of the approximated region with
emphasis on all the rectangle corners that are involved in the manipulation.

Equal or equivalent elements or elements with equal or equivalent functionality are denot-

ed in the following description by equal or equivalent reference numerals.

In the following description, a plurality of details are set forth to provide a more thorough

explanation of embodiments of the present invention. However, it will be apparent to one

skilled in the art that embodiments of the present invention may be practiced without these

specific details. In other instances, well-known structures and devices are shown in block
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diagram form rather than in detail in order to avoid obscuring embodiments of the present
invention. In addition, features of the different embodiments described hereinafter may be
combined with each other, unless specifically noted otherwise.

Some embodiments relate to the detection and/or tracking of an object. Other embodiments
relate to calibrating a camera or another acquisition device. Both task are somewhat relat-
ed. The detection and/or tracking of an object typically aims at determining the position
and/or the orientation of the object. Hence, the position and/or orientation is/are the un-
known variable(s), whereas parameters that describe the object and the acquisition geome-
try (e.g. focal length, image resolution, image distortion, etc.) are a-priori known with suf-
ficient precision. In the case of camera calibration, the acquisition geometry-related pa-
rameter(s) form(s) the unknown variable(s), whereas the object and its position and orien-
tation are known. As a third possibility, the object may not be completely known, for ex-
ample with respect to its size. It is also possible that the object may be deformable (e.g., a
foldable calibration chart) so that one or more deformation parameters of the object are
variable and need to be determined. In the following description, an emphasis is placed on
the camera calibration, for explanatory reasons. However, the concepts described below
are readily applicable to other use cases or applications of methods and apparatus accord-
ing to embodiments described herein, in particular object tracking and/or detection.

Fig. 1 schematically illustrates a setup for a camera 2 calibration using a known object
such as a calibration chart 3. An optical axis OA and a field of view FOV can be defined
for the camera 2. The calibration chart 3 is within the field of view FOV of the camera 2 in
Fig. 1. A position and orientation of the calibration chart 3 can be defined relative to frame
of reference. In the configuration shown in Fig. 1, the frame of reference is defined by a
coordinate system, the origin of which coincides with one of the corners of the calibration
chart 3. Furthermore, the two of the three coordinate axes are parallel to respective edges
of the calibration chart 3. Of course, it is also possible to choose another frame of reference
(e.g., a related frame of reference that is defined by a fixed point of a room, a recording
studio, a landscape etc) and to (manually or otherwise) determine the position and orienta-
tion of the calibration chart within this frame of reference. The task of the camera calibra-
tion may be to determine the position and orientation of the camera within the frame of

reference of the calibration chart.

The calibration chart 3 shown in Fig. 1 is representative of any object that may be acquired
using the camera. The object comprises one or more regions, e.g. the color fields of the
calibration chart 3. In case the object comprises two or more regions the regions may be
adjacent to each other or they may be at a distance from each other. The camera 2 may be
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regarded as being representative of any acquisition device, such as digital still cameras,
video cameras, camcorder, medical imaging equipment, Radar, Sonar etc. that may be used
to acquire image data of a real object. The image itself may be one-dimensional, two-

dimensional, three-dimensional, or higher dimensional.

Fig. 2A shows a schematic block diagram of an apparatus for determining model parame-
ters according to at least some embodiments. The apparatus comprises an object model
transformer 120, a region comparator 130, and a model parameter determiner 140. The
object model transformer 120 is configured to receive an object model 112 that describes
an object by means of, for example, its size, dimensions, shape, colors etc. In particular, a
few characteristic locations of the object may be described, as well as their geometric rela-
tions to each other or to one object-related point of reference. The object is typically
known with respect to its shape and dimensions. The object model transformer 120 is con-
figured to receive a set of model parameters 114 that describes a current estimation of
model parameters, such as position and orientation. Based on these two inputs the object
mode! transformer may then determine how the model would be imaged under the assump-
tion of the model parameters. The transformation results in a transformed object model.
Some aspects of the transformation of the object model 112 to the transformed object mod-
el will be described below in connection with the description of Fig. 3.

The transformed object model is forwarded to the region comparator 130. The region com-
parator 130 is further configured to receive an image that has been acquired using the ac-
quisition device at hand, e.g. a camera. Using the image it can be determined how well the
set of model parameters 114 matches an actual set of model parameters (which is, howev-
er, unknown at this point). Another optional input for the region comparator 130 is a region
selection that determines for which region of a plurality of regions of the transformed ob-
ject model a similarity measure between the transformed object model and the camera im-
age is to be determined. The region or regions of the transformed object model correspond
to regions of the real object which exhibit a specific characteristic. For example, a region
of the object may be a shape (square, rectangle, circle, polygon, etc) with a single color.

As a result of the transformation, a given region of the object is projected onto a particular
image section of the image. The transformation allows the determination of the geometry
of, and/or the image values within, the image section. An example shall illustrate this:
Consider a region of the real object and assume that the region is a green square. The ob-
ject model may now define the locations of the four vertices of the square relative to an
object-inherent point of reference, for example one corner of the object. Furthermore, the
object model may define the shade of green by means of some predetermined color classi-
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fication scheme. By means of the transformation, the locations of the four vertices of the
green square are projected onto a camera-related frame of reference, for example the 2D
coordinates of an image sensor expressed in pixels. Note that this transformation or projec-
tion may not necessarily result in a square anymore, but usually in a rectangle, a parallelo-
gram, a trapezoid, or a general quadrangle. Furthermore, the edges of the transformed
square may not be rectilinear anymore, but curved, due to some image distortion. Such
image distortions can typically not be represented by the vertices but may be accounted for
in the model parameters in addition to the locations of the vertices of the region contour.

The similarity measure determined by the region comparator 130 is provided to an model
parameter determiner 140 which is configured to update the (current) set of model parame-
ters and to provide an updated set of model parameters. The updated set of model parame-
ters may replace the (current) set of model parameters and be used during a subsequent
iteration of an optimization scheme. The similarity measure provided to the model parame-
ter determiner 140 may be a scalar or a multi-dimensional data structure that contains some
indication about a class of dissimilarity (geometry, distortion, color, etc) between the re-
gion of the transformed object model and the associated image section in the camera im-
age. On the basis of this information the calibration parameter determiner 140 may deter-
mine the updated set of model parameters in a (more) target-oriented manner. For example,
if the similarity measure indicates that the geometry of the region matches the geometry of
the image section relatively well, but that there is still a discrepancy in the color, the model
parameter determiner 140 may keep the current geometry-related parameters while modi-
fying one or more of the color-related parameters for the next iteration. The similarity
measure may comprise a geometric similarity component (or: geometry-related similarity
component) and/or an image value similarity component (or: image value-related similarity

component).

Moreover, the calibration parameter determiner 140 may infer the updated set of model
parameters by evaluating the previously determined sets of model parameters (obtained
during previous iterations), for example by means of an optimization strategy or scheme.
The previously determined sets of model parameters may be stored in a parameter storage.
In this manner, a behavior of the similarity measure as a function of the model parameters
may be estimated, which may be used to make better guesses for the next updated set of

model parameters.

Fig. 2B shows a schematic block diagram of an apparatus for determining camera calibra-
tion parameters according to at least some embodiments. The apparatus comprises an ob-
ject model transformer 220, a region comparator 230, and a calibration parameter deter-
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miner 240. The object model transformer 220 is configured to receive an object model 212
that describes an object by means of, for example, its size, dimensions, shape, colors etc. In
particular, a few characteristic locations of the object may be described, as well as their
geometric relations to each other or to one object-related point of reference. The object is
typically known and may be, for example, a calibration chart. Furthermore, the object
model transformer 220 is configured to receive a set of camera parameters 214 that de-
scribes a current estimation of a camera-related parameters, such as position and orienta-
tion in the frame of reference that is valid for the object, and imaging properties of the
camera (focal length, pixel size, distortion, color mapping, etc.). Based on these two inputs
the object model transformer may then determine how the model would be imaged by a
camera for which the set of camera parameters is valid. The transformation results in a
transformed object model. Some aspects of the transformation of the object model 212 to
the transformed object model will be described below in connection with the description of
Fig. 3.

The transformed object model is forwarded to the region comparator 230. The region com-
parator 230 is further configured to receive a camera image that has been acquired using
the camera to be calibrated. Using the camera image it can be determined how well the set
of parameters 214 matches an actual set of camera parameters. Another optional input for
the region comparator 230 is a region selection that determines for which region of a plu-
rality of regions of the transformed object model a similarity measure between the trans-
formed object model and the camera image is to be determined. The region or regions of
the transformed object model correspond to regions of the real object which exhibit a spe-
cific characteristic. For example, a region of the object may be a shape (square, rectangle,

circle, polygon, etc) with a single color.

As a result of the transformation, a given region of the object is projected onto a particular
image section of the camera image. The transformation allows the determination of the
geometry of, and/or the image values within, the image section. An example shall illustrate
this: Consider a region of the real object and assume that the region is a green square. The
object model may now define the locations of the four vertices of the square relative to an
object-inherent point of reference, for example one corner of the object. Furthermore, the
object model may define the shade of green by means of some predetermined color classi-
fication scheme. By means of the transformation, the locations of the four vertices of the
green square are projected onto a camera-related frame of reference, for example the 2D
coordinates of an image sensor expressed in pixels. Note that this transformation or projec-

tion may not necessarily result in a square anymore, but usually in a rectangle, a parallelo-
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gram, a trapezoid, or a general quadrangle. Furthermore, the edges of the transformed
square may not be rectilinear anymore, but curved, due to some image distortion.

The similarity measure determined by the region comparator 230 is provided to a calibra-
tion parameter determiner 240 which is configured to update the (current) set of camera
parameters and to provide an updated set of camera parameters. The updated set of camera
parameters may replace the (current) set of camera parameters and be used during a subse-
quent iteration of an optimization scheme. The similarity measure provided to the calibra-
tion parameter determiner 240 may be a scalar or a multi-dimensional data structure that
contains some indication about a class of dissimilarity (geometry, distortion, color, etc)
between the region of the transformed object model and the associated image section in the
camera image. On the basis of this information the calibration parameter determiner 240
may determine the updated set of camera parameters in a (more) target-oriented manner.
For example, if the similarity measure indicates that the geometry of the region matches
the geometry of the image section relatively well, but that there is still a discrepancy in the
color, the calibration parameter determiner 240 may keep the current geometry-related
parameters while modifying one or more of the color-related parameters for the next itera-
tion. The similarity measure may comprise a geometric similarity component (or: geome-
try-related similarity component) and/or an image value similarity component (or: image

value-related similarity component).

Moreover, the calibration parameter determiner 240 may infer the updated set of camera
parameters by evaluating the previously determined sets of camera parameters (obtained
during previous iterations), for example by means of an optimization strategy or scheme.
The previously determined sets of camera parameters may be stored in a parameter storage.
In this manner, a behavior of the similarity measure as a function of the camera parameters
may be estimated, which may be used to make better guesses for the next updated set of
camera parameters.

Fig. 3 schematically illustrates the transformation of the object model defined in a first
frame of reference to the transformed object model defined in a second frame of reference.
The object 3 is schematically illustrated as a calibration chart comprising m different re-
gions. The first frame of reference is indicated by a 3D coordinate system x, y, z. Note that
the object 3 is illustrated in a perspective view in order to illustrate that the object 3 itself
may be rotated and/or translated with respect to the first frame of reference. The m differ-
ent regions have the colors color;, color, colors, color,, respectively. A geometry of the
first region is defined by the 3D locations of the four corners A, By, Cy, Dy, of the color,
rectangle expressed using the coordinates x, y, z of the first frame of reference, in this case
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as (X1, Yal, Zat), (X1, Y81, ZB1), (XC1, Yci, Zct), (Xp1, ¥p1, zp1). Furthermore, the color is
defined as colorl. In the same manner the geometries of the remaining regions are defined
so that a vector
(Xal> YAL» Za1> XB1, YB1> ZB15 XC1, YCi1, ZC1, XD1, YD1, ZD1, €olory, ...
oo XAm> YAm, ZAm - colorm)T
describing the object is obtained, as illustrated in the upper right portion of Fig. 3.

The transformation determines the transformed object model relative to a second frame of
reference defined by a 2D coordinate system x*, y*. The corners of the first region are
transformed (or geometrically projected) to locations A", B, €', D" . The color colorl
is (color-) transformed to a new color color”; . The transformed object model can be ex-
pressed by means of a vector
* * * * * # # # # * * L3 T
(X'AL, Y ALX BL, Y B1X €1, Y C1,X DI, ¥ D1, COIOT 1, .. X Am, Y Am, -+ COLOT 1)

as illustrated in the lower right portion of Fig. 3.

In Fig. 4 which will be described next, an embodiment of the apparatus for determining
camera calibration parameters is presented in block diagram form.

In order to calibrate a camera, basically the real world could be simulated with a
parameterizable model of the calibration chart and the camera, an artificial camera view
could then be generated (rendered) based on a parameter set, and the artificial camera im-
age of the simulation could be compared with the image of the real camera. Assuming that
the real world system is very well simulated with the model and the parameter set, it can be
expected that the calibration chart in the simulated camera image appears almost equal to
the calibration chart in the real camera image. Therefore the parameter set is optimized in a
way that the calibration chart in the simulated image fits the appearance in the real image
as good as possible. In the end, the optimization process results in a parameter set that re-
flects the real camera calibration parameters.

The optimizer typically requires an objective function that shows the accordance between
the simulated and real camera image. The obvious approach to realize this objective func-
tion is to use the difference of the image pixels that belong to the calibration chart in the
simulated and real camera image respectively. This brute force approach has strong draw-
backs. It results in a computationally very intensive system, because each evaluation of a
parameter set with the objective function requires that the artificial camera image is gener-
ated (rendered) and the difference between the real and artificial image of the pixels that
belong to the calibration chart is calculated. Moreover within the optimization procedure
the objective function usually has to be evaluated very often.
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Based on this idea a calibration framework is described in the following paragraphs that
minimizes the computational costs and offers great flexibility and robustness. Figure 4
shows an overview of the most important elements of the calibration framework. We will

now describe in detail all the elements of this figure.

The inputs of the calibration framework are the real camera image (or images) that shows
the calibration chart (bottom right) and the 3-D model of the calibration chart that is shown
in the real camera image (middle left). Moreover a-priori knowledge or an initial guess for
a parameter vector 405 (containing camera calibration parameters) is required. It could for
example be obtained based on assumptions about the size, position and orientation of the
calibration chart in the image (or relative to the camera). If the calibration framework is
applied on an image sequence (e.g. tracking of the calibration chart) then the result of the
previous image could be used as an initial estimate. In the worst case a brute force search
in the parameter space is necessary.

The system is parameterized with the parameter vector 405 that consists of the extrinsic
camera parameters (rotation and translation components r,; ry, 72, &, t,, £, for the three co-
ordinate axes), intrinsic camera parameters and lens distortion parameters (focal length,
pixel size, principal point and lens distortion coefficients £ s, 5,; ¢ ¢, ks; k2). Moreover
the parameter vector 405 includes the color correction parameters, e.g. the elements of a
linear 3x3 color transformation matrix My, We start with the description of the 3-D cali-
bration chart model on the left. Each color patch (or region with homogeneous color) of the
calibration chart is modeled only by the region boundary and the reference color of the
patch. The region boundary can be approximated with arbitrary precision by a polygon
defined by vertices in 3-D space. If we use a flat calibration chart and put the 3-D world
coordinate system in the chart, then all the polygons could be defined in the x-y plane with
z of all vertices being 0. For rectangular regions it would even be enough to define the four
corners of the rectangle. The whole calibration chart is modeled by all the color patches
(and homogeneous regions) that are incorporated in the calibration procedure. The world
coordinate system can be fixed relative to the calibration chart for convenience.

The 3-D polygon vertices of the calibration chart are subject to 3-D rotation and translation
defined by the exfrinsic parameters (this can also be considered as the inverse camera
transformation), using the block *“3-D transform (rotation and translation)” 402.

Thereafter the transformed 3-D vertices are projected into the 2-D image plane with a cam-
era model 404 that is parameterized by internal camera parameters (using for example a
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projective or pinhole camera model). This results in 2-D image coordinates for the polygon
vertices. The 2-D vertices are then forwarded to a polygon resampling block 406.

The subsequent polygon resampling divides all polygonal lines which are longer than a
predefined threshold into sections by inserting additional vertices in the involved polygon
segments. Therefore the polygon regions can be approximated with an arbitrary number of
vertices by choosing a small value for the maximum polygon segment length. The
resampling step not necessarily has to be done here but can be applied in principle in an
arbitrary place previous to a downstream region integration block 412 and the first block
that does not map straight lines to straight lines (this is the case in the subsequent lens dis-
tortion block). In practice this resampling step 406 could already be applied once to the
polygons of the 3-D calibration chart model as well.

The lens distortion 408 is applied to the resampled polygon vertices to model the physical
properties of the camera lens and usually results in curved lines of the color patch bounda-
ries in the image. Without the resampling step this lens distortion could not be modeled
adequately. Using for example only the four comers of a color patch the distortion of the
rectangle boundaries is not possible. Moreover the resampling step 406 is necessary for or

simplifies at least the region integration in the following block 412.

The distorted polygon vertices of the color patches are forwarded to the region integration
step 412. On the bottom right the camera image that shows the calibration chart is put into
the calibration procedure. For each color band of the input image the integral image is
computed by a block “integral image computation” 414 (this is described below in the con-
text of the description of a determination of a measurement of a region of a two-
dimensional picture representation). Moreover the integral images for the squared values of
all image pixel values are calculated (these are required for variance calculation in the col-
or patches; this is also described below). All these integral image planes are fed into the
region integration block 412. It represents one of the key ideas and elements of the calibra-

tion framework.

The region integration block 412 calculates for each polygon of the calibration chart model
with the aid of the integral images (this could be done using a shape approximation as de-
scribed below in another part of this disclosure)
e the sum of all pixel values enclosed by the polygon in the real camera image,
e the sum of all squared pixel values enclosed by the polygon in the real camera im-
age, and
e the size of the area enclosed by the polygon in the real camera image.
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An effective and simple approach to calculate this sum of pixel values within a polygon
region will be described below in connection with Fig. 9.

Using the intermediate results (sum of pixel values within polygons for each color band
and area of polygon regions) the mean values and variances of all color bands in the real
camera image for each color patch region are calculated and fed into a color transformation
block 416.

The color transformation 416 maps all mean color values (and variances) with the color
mapping (or color correction) parameters, aiming at undistorted colors. The color trans-
formation 416 can be a linear transform or any other applicable color correction. The out-
put of this step/block is forwarded to an error function block 422.

The error function 422 compares the mapped mean colors measured in the camera image
within the polygon regions with the reference colors of the color patches defined by the
calibration chart. Moreover, it takes the color variances within the polygon regions into
account and generates an error vector based on both, the color differences and variances.
For example, the error vector could comprise the color variances and the differences be-
tween the measured mean colors and the reference colors in an appropriate color space
(e.g. CIE Lab color space with visual equidistance or the RGB color space). The error vec-
tor is subject to optimization by an optimizer 424,

The optimizer 424 iteratively updates the parameter vector 405 in a way that the error vec-
tor is minimized. For this purpose various optimization schemes could by applied. For ex-
ample the Levenberg-Marquardt algorithm, a particle filter (that could also incorporate
further state parameters to the parameter vector 405 if the framework is applied to an im-
age sequence), Downhill-Simplex or genetic algorithms for example.

After the optimization process the parameter vector 405 should reflect the calibration pa-
rameters very well. The color variances in all polygon regions as well as the differences
between the mean color values in the polygon regions and the corresponding reference
colors should approach zero (in the ideal case and neglecting sensor noise) if all the poly-
gons perfectly fit the color patches in the camera image.

Fig. 5 illustrates a portion of the camera image and a portion of the transformed object
model, i.e., the transformed calibration chart model which serves as an example. The cam-

era image shows the object or at least a part thereof. The object contains a plurality of re-
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gions of different color or pattern. Each region is assumed to be a square. In general, the
regions may have arbitrary forms.

The illustrated portion of the camera image depicts several colored region, namely a cen-
tral green region and eight surrounding regions with the following colors: light blue, blue,
purple, turquoise, red, yellow, orange, and pink. Due to the perspective under which the
camera to be calibrated acquires the object, and due to camera-inherent distortions, the
square regions of the original object appear as distorted polygons (exaggerated for the pur-
pose of illustration in Fig. 5), as indicated by the dashed lines in Fig. 5.

For the sake of reference, Fig. 5 also illustrates the region boundaries of the transformed
regions as dotted lines. The transformed regions belong to the transformed object model.
The boundaries of the transformed regions are rectilinear in the example shown in Fig. 5
which means that the set of camera parameters does not model a camera distortion. Never-
theless, it may be that also the region boundaries of the transformed regions are curved,
1.e., the set of camera parameters assumes that the camera introduces a distortion.

By comparing the transformed calibration chart model (dotted line) with the imaged region
in the camera image (dashed line) it can be seen that, for example, the imaged green region
of the camera image does not match very well the corresponding green region of the trans-
formed calibration chart model. Rather, the imaged green region of the camera image also
extends into the blue and turquoise regions of the transformed calibration chart model. This
mismatch between the camera image and the transformed calibration chart model indicates
that the set of camera parameters that has been used to generate the transformed calibration
chart model does not reproduce the geometry-related actual camera parameters very well.
In addition, the color-related camera parameters of the set of camera parameters could be
different from the actual color behavior of the camera, as well, which would result in an
erroneous reproduction of the color acquisition of the camera by the set of camera parame-

ters.

The goal of the camera calibration parameter determination is to update the set of camera
parameters until the transformed region boundaries (dotted lines) substantially match the
imaged boundaries of the image section (dashed lines), and until the color within each
transformed region is substantially identical to the color of the corresponding imaged color
region of the camera image. When this state is reached the corresponding set of camera
parameters can be assumed to reproduce the behavior of the camera to be calibrated with

relatively high accuracy.
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Fig. 6 is similar to Fig. 5, however with an emphasis on the transformed object model in-
stead of the camera image. Thus, the region illustrated in the middle of Fig. 6 is delimited
by the solid lines and corresponds to a transformed green region of the calibration chart,
i.e., of the real object. This region corresponds to a selected region which is indicated in
Fig. 6 by the thick dash-dotted line. An image section of the camera image coincides with
the selected region. It can be seen that the image section (and hence the selected region) is
not aligned with the boundaries of the imaged regions of the camera image. Rather, the
image section overlap six differently colored imaged regions of the camera image, namely
the turquoise region, the green region, the red region, the yellow region, the orange region,
and the pink region that can be seen in the camera image. When evaluating the colors in
the image section that corresponds to the selected region it can be seen that the color green
is predominant, followed by orange, red, turquoise, pink, and finally yellow. The trans-
formed calibration chart model is offset to the bottom and rotated about 20 degrees in the
clockwise direction with respect to the camera image. Thus, in the situation depicted in
Fig. 6, the set of camera parameters should be modified so that the transformed object is
shifted up and rotated in the counterclockwise direction in order to better match the camera
image (dashed lines). Furthermore, the set of camera parameters would need to reproduce
the distortion of the camera in order to approximate the curved region boundaries that can
be observed in the camera image. In addition it may be necessary to adapt the color-related
camera parameters so that the shade of green of the selected region of the transformed
model is substantially the same as the shade of green that appears in the camera image.

Fig. 7 illustrates an approximation of the boundary of the selected region by means of
segments that are parallel to a first axis or a second axis of the camera image. The approx-
imation reproduced the boundary of the selected region by means of an inscribed shape,
i.e. the approximating shape is completely within the selected region. Note that the axes of
the camera image may not appear rectilinear and/or orthogonal to each other in another
frame of reference, e.g., an object-related frame of reference or a “real-world” frame of
reference. For this reason, the segments of the approximating shape may appear curved. In
Fig. 7 a pixel resolution of the camera image is illustrated. The segments of the approxi-
mating shape follow the boundaries between two pixels. As mentioned above with respect
to Fig. 6, differently colored regions of the camera image may fall into the selected region.
Each pixel enclosed by the approximating shape may detect a different color or a mixture
of two different colors, in accordance with the corresponding portion of the camera image.
The colors detected by the various pixels within the selected region are indicated in Fig. 7
by the following letters: *G” for green, “R” for red, “T” for turquoise, “Y” for yellow, “0”
for orange, and “P” for pink (refer to Fig. 5 and the dashed lines in Fig. 5 that indicate the
boundaries between the different colors in the acquired camera image — the dashed lines
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are also reproduced in Fig. 7). Most of the pixels acquire a single color. However, some
pixels are on a boundary between two imaged regions so that they acquire two (or more)
different colors. For example, the boundary between the green imaged region and the red
imaged region goes right through the middle of several pixels. Hence, these pixels acquire
both green and red, which is indicated in Fig. 7 by the abbreviation “G+R”, Similarly, the
abbreviation “O+P” means orange and pink.

Counting the pixels that are enclosed by the approximating shape yields the following re-

sult:

green: 18 pixels
orange: 13 pixels
pink: 4 pixels
turquoise: 3 pixels
red: 2 pixels
green and red: 2 pixels
orange and pink: 2 pixels
yellow: 1 pixel
total: 45 pixels

An evaluation of these results reveals that the predominant color in the selected region is
green. However, the colors show a noticeable spread, i.e., a variance of the colors is rela-
tively high. This could mean that the geometry of the selected region does not reproduce
the geometry of the imaged region very well.

An alternative option for evaluating the selected region will be described below and is

based on integral images.

Fig. 8 is largely similar to Fig. 7. The approximating shape in Fig. 8 is a circumscribing

shape. Again, the pixels containing particular colors can be counted:
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Green: 25 pixels
Orange: 19 pixels
Pink: 10 pixels
Turquoise: 8 pixels
Red: 6 pixels
Yellow: 4 pixels
Green and red: 4 pixels

Orange and pink: 2 pixels
Yellow and orange: 1 pixel
Total: 79 pixels

Fig. 9 illustrates an effective and simple approach to calculate a sum of pixel values within
a polygon. The idea is to combine two shape approximations (kind of inner and outer shape
approximation) of the polygon. Let P = {x;, y1, ... , ¥n Vn} represent a polygonal region
with a suitable number of vertices x; y; (in this context suitable means, that at least non
axis-aligned lines of the polygon are represented by enough vertices and segments respec-
tively, which is in our case assured by the resampling step). For convenience we define
Xp+s 2= X7 and y,+; -= v, similar to adding the first vertex to the end of the vertex list. Fur-
thermore let I(x, y) be the value in the integral image at pixel position x, y. Then the sum sp
of all pixel values within the polygon region can be approximated by

Sp zO.SZLI [I(X,-aym)"l(xm:yi)]'

Figure 9 illustrates this equation and shows that the integral image values at the polygon
vertices are eliminated because they are added by one approximation and subtracted by the
other approximation. In other words, Figure 9 schematically illustrates an inner and outer
shape approximation of a polygon (solid line). The values of the integral image at the ver-
tex positions are eliminated. The value sp might be the negative of the sum depending on
the orientation of the polygon, however this can easily be eliminated. The integral image i
of a helper image with each pixel value being 1 could be used to calculate the area of the
region defined by the polygon (as described at another place in this disclosure). However,
it can easily be shown that I(x, y) = x-y, which could also be calculated during shape inte-

gration.

Fig. 10 shows a schematic block diagram illustrating a possible processing of the camera
image provided by the camera 2 to be calibrated.
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The camera image is fed to an integral image calculation block 1012 and to a squared inte-
gral calculation block 1014. The integral image calculation block 1012 determines for each
pixel position x*,y* of the camera image an integral image value I;(x*,y*). The variables
x* and y* are integers for the purposes of indexing individual pixels within the integral
image and denote the coordinates in the camera-related coordinate system. Each pixel of
the integral image I;(x*, y*) is determined by summing the pixel values p(i,j) for which
1<x* and j <y*. In other words, the pixel values p(i,j) are integrated up to the current
pixel position. The squared integral image I(x*,y*) is determined in a similar manner,
however the pixel values p(i,j) are squared prior to adding.

In addition to the integral image I; and the squared integral image I, it may be useful to
determine the number of pixels within the image section (which is associated (or aligned)
to the selected region). The number of pixels within the image section may be in the con-
text of determining statistical moments of the image section, as will be described below.

The integral image ; is forwarded to a boundary determination block 1022. Another input
for the boundary determination block 1022 is a geometry of the selected region of the
transformed object (e.g., calibration chart). The geometry of the selected region describes
how, using a current set of camera parameters, a specific region of the real object is trans-
formed. The boundary determination block 1022 then approximates a boundary of the se-
lected region within a coordinate system of the integral image I;. For example, the bound-
ary of the selected region may be approximated by means of segments that are parallel to
the axes of the integral image I;. In addition or in the alternative to the integral image I,
the boundary determination block 1022 may also receive the squared integral image I, or
the original camera image as an input, because the axes of the camera image, of the inte-
gral image I;, and of the squared integral image I, are typically the same. The integral im-
age may be made one pixel wider and higher by adding a new first line and a new first col-

umn filled with zeros.

The approximated boundary of the selected region, the integral image I1 and the squared
integral image 12 are fed to a block 1032 for a determination of statistical moments within
the (boundary-approximated) image section that corresponds to the selected region. This
may be achieved by evaluating the integrated image values and the squared integrated im-
age values at the boundary of the image section, for example using the discrete Green’s
theorem. In this manner, the statistical moments of the image section corresponding to the
selected region can be determined in a very efficient manner. The block 1032 outputs the
statistical moments, for example a mean image value and a uniformity measure of the
camera image values within the image section that corresponds to the selected region. The



10

15

20

25

30

35

WO 2012/113732 oy PCT/EP2012/052798

uniformity measure describes whether the image values occurring in the image section are
relatively similar (i.e., substantially the same color, shade of color, or shade of gray) or

widespread (i.e., several different colors, shades of color, or shades of gray).

Note that the camera image provided by the camera 2 may be split into two or more color
component pictures and for each color component an individual integral image and an in-
dividual squared integral image may be calculated. Furthermore, also the determination of
the statistical moments may be performed in a color component-individual manner.

The statistical moments (e.g., mean image/color value within image section, uniformity
measure) is then provided to a comparison block 1034 which compares the determined
statistical moments with corresponding properties of the selected region. A result of this
comparison is a similarity measure. Optionally, the comparison block 1034 may output a

measure of alignment of the selected region to the corresponding real image section.

In some embodiments the similarity measure may take into account a relation between two
or more regions. In particular this may be of interest when some information about one or
more regions is not a-priori known as an absolute value, but only a relation between the
two or more regions is a-priori known. For example, the color of a first object region of the
known object region may not {or not exactly) be known, but only that this first object re-
gion is brighter or darker than a second object region of the object. Besides a bright-
er/darker relation other relations are also imaginable, e.g. a lower-higher relation, a strong-
er-weaker relation, etc. The fact that in the transformed object the a-priori known relation
between the first object region and the second object region is represented in a correct
manner has an influence on the similarity measure of at least one of the first and second
object regions, that is, the similarity measure will typically have a higher score if the a-
priori known relation is observed in the transformed object. Hence, the transformation of
the object model from the first frame of reference to the second frame of reference can be
assumed to treat the relation between the first and second object regions in a correct man-
ner. To give an example: A black-and-white camera may acquire an image of a colored
object, e.g. a traffic sign with a red region, a white region, and a black region. The image
acquired by the black-and-white camera is a gray-scale image, hence the color “red” will
appear as a shade of gray in the image. In the object model describing the traffic sign the
white region may be defined as being brighter than the red region. Likewise, the red region
may be defined as being brighter than the black region. It follows from these two condi-
tions that the white region is brighter than the black region, too. Furthermore, the object
model may define that the white region (black region) is one of the brightest regions (dark-
est regions) occurring in the image acquired by the black-and-white camera. Such a condi-
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tion may also be evaluated when determining the similarity measure. Note that in some
embodiments a group of two or more related regions may be regarded (and treated) as one
large, combined region for the purpose of determining the region-related similarity meas-

ure for the large, combined region.

As long as the camera image is not modified, the integral image I; and the squared integral
image I, are constant, as well. This means that the integral image I; and the squared inte-
gral image I, need to be calculated only once, as long as the camera image is not modified.
The optimization of the estimation of the camera parameters only affects geometry of the
selected region and therefore the boundary determination block 1022. As the determination
of the statistical moments within the image section of interest can be implemented in a
very efficient manner using the integral image I; and the squared integral image I, the
computational costs per optimization step are relatively small.

Fig. 11 schematically illustrates a flow diagram of a method for determining camera cali-
bration parameters according to one or more embodiments of the teachings disclosed here-
in. During a first step 1102 an object model is received of an object to be used for calibrat-
ing the camera. The object is typically known so that the object model is available. For
example, the object may be calibration chart comprising several regions of different color.

The object model is then transformed based on a (current) set of camera parameters of the
camera to be calibrated, as indicated at block 1104 of the flow diagram in Fig. 11. A corre-
sponding transformation comprises at least a geometric projection of the object model from
a first frame of reference to a second, camera-related frame of reference. As a result of this
transformation a transformed object model is determined which comprises at least one re-
gion. The at least one region is associated to at least one calibration region of the object

(e.g., a region of a single color of the real object).

At a block 1106 of the flow diagram in Fig. 11 a camera image is received. The camera
image depicts the object acquired using the camera to be calibrated. By means of the cam-
era image the quality of the transformation, and hence of the currently estimated set of
camera parameters, can be verified. In other words, the camera image serves as a reference.

For a selected region of the transformed object model a region-related similarity measure is
determined at a step 1108. The similarity measure is representative of a similarity between
the selected region and an image section of the camera image associated to the selected
region via a transformation-dependent mapping. Some possible options for determining the
region-related similarity measure are described in this document.
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At a step 1109 of the method for determining camera calibration parameters an updated set
of camera parameters is determined on the basis of the region-related similarity measure

and an optimization scheme.

As camera calibration is only one of many possible applications of a method according to
at least some embodiments disclosed herein, the flow diagram may also be presented in a
more general form. During the first step 1102 an object model is received of an object to be
used for performing the method. The object is typically known so that the object model is
available. The object model is then transformed based on a (current) set of model parame-
ters. This action corresponds to block 1104 of the flow diagram in Fig. 11. A correspond-
ing transformation transforms the object model from a first frame of reference to a second
frame of reference. As a result of this transformation a transformed object model is deter-
mined which comprises at least one region. The at least one region is associated to at least
one object region of the object (e.g., a region of a single color of the real object).

During an action corresponding to the block 1106 of the flow diagram in Fig. 11, an image
is received. The image depicts the object acquired using an acquisition device. By means
of the image the quality of the transformation, and hence of the currently estimated set of
model parameters, can be verified. In other words, the image serves as a reference. For a
selected region of the transformed object model a region-related similarity measure is de-
termined (corresponding to step 1108 of the flow diagram in Fig. 11). The similarity meas-
ure is representative of a similarity between the selected region and an image section of the
camera image associated to the selected region via a transformation-dependent mapping,
Some possible options for determining the region-related similarity measure are described
in this document. During an action corresponding to the step 1109 of the flow diagram in
Fig. 11, an updated set of model parameters is determined on the basis of the region-related
similarity measure and an optimization scheme.

The described system (in particular in Figs. 4 and 9) is one possible realization of the cali-
bration framework. Some possible variations of the system are as follows:
 Further parameters could be added to the parameter vector to model the real world
system even better, or parameters could be changed. For example tangential distor-
tion or lighting conditions could be modeled as well. Moreover, also the calibration
object (chart) could be parameterized, e.g. the opening angle of a foldable
(nonrigid) calibration chart could be modeled with an additional parameter.
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Chromatic aberration could be parameterized and modeled as well. Therefore the
polygons that describe the borders of the color patches could be deformed separate-
ly for each color band before the region integration block 412 (similar to the lens
distortion block 408).

The system and especially the error function block 422 could make use of various
color spaces. For example the CIE Lab color space with visual equidistance or the
RGB color space could be used. Usage of raw sensor data could be taken into ac-
count as well.

Instead or in addition to the camera image, also preprocessed or transformed ver-
sions of the image could be used in the system (e.g. edge images or intensity imag-
es). The term “camera image” encompasses such preprocessed or transformed ver-
sions of the image. Moreover, not only intensity or color images but also depth im-
ages could be taken into account.

Calculating and using the image of squared pixel values and the appropriate integral
image to calculate pixel variances in the polygon regions was proposed. Instead,
each polygon region could be divided into an arbitrary number of subregions and
the variance of the whole polygon region could be approximated by the variance of
the mean values of the subregions. This could result in a speed and memory opti-
mization, because fewer integral images have to be calculated and stored.

The optimization of the color transformation parameters could be based not on the
whole color patches (selected region), but skipping a margin of the color patches to
avoid errors if the color patch was not fitted very well in the image. For this pur-
pose each color patch could be modeled by a polygon that defines the exact border
and one that is decreased by a margin.

The optimization procedure could include only some color patches in the beginning
(until some convergence is reached) and add the other patches step by step to de-
crease computational costs.

Not only the border and the reference color (or intensity) of the patches could be
modeled, but also a frame around the color patch and the corresponding color and
intensity of the frame (background). They can be incorporated in the error vector as
well.

The polygon resampling block could use a high threshold for the maximum seg-
ment length in the beginning and reduce it during optimization to lower the compu-
tational load due to fewer vertices.

In addition or instead of the colors (intensities) and variances of the polygon re-

gions, also higher order moments could be calculated and used.
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The polygon resampling block could also follow other resampling strategies, e.g.,
an adaptive method that adjusts the number of additional vertices depending on the
size of the chart (or polygons) in the image.

Graylevel or black and white calibration charts could be used and processing could
be done on graylevel images if only geometric calibration, calibration of camera
curve or white balance is required.

Integration of polygonal regions could be improved with subpixel precision by in-
terpolation in the integral image.

In general only parts of the calibration chart could be modeled and included in the
optimization procedure, e.g., only some of the color patches (regions). Furthermore
also the regions between the color patches could be modeled and included in the
optimization process.

Using only a single image or view of the calibration pattern could result in an un-
der-determined system. Therefore multiple views or images could be incorporated
in the calibration procedure, simultaneously or step by step.

Arbitrary color corrections or mappings could be modeled and parameterized in-
stead of using only a 3x3 linear color mapping.

The color transformation block 416 could also be placed before the integral image
computation 414 and applied to each pixel in the image, however in this case the
integral image has to be updated during optimization whenever the color mapping
parameters change.

Each element of the error vector could be multiplied with a separate weighting fac-
tor, to emphasize certain components of the error vector or focus the calibration to
certain color patches. The weights could also be based on the size of the polygon
regions in the calibration chart or image.

Some of the benefits of the proposed calibration framework are as follows:

The system unifies colorimetric and geometric camera calibration in a closed form
solution and can also be applied to commercially available calibration charts.

Due to the integration of the polygon regions it is highly robust with respect to sen-
sor noise, because noise with zero mean is eliminated in the integration step.

All the components of this calibration framework can be implemented very effi-
ciently resulting in low computational costs. Moreover all but the integral image
computation cost is independent of the image size. The algorithms also fit perfectly
for parallelization and realization on special hardware (e.g. graphics cards).

The proposed system can be used in many applications where camera calibration is advan-

tageous, e.g.
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e Integration into image manipulation programs for geometric and color calibration
of photographs.

e Due to the efficiency of the algorithms it could also be integrated into consumer or
professional cameras to simplify the calibration procedure. The camera could au-
tomatically calibrate itself as soon as it detects the calibration chart in the image.
Therefore the photographer only has to put the calibration chart in front of the cam-
era once to calibrate the system, if the light or camera setup changed.

o The system can be used to conduct geometric and colorimetric calibration of multi-
camera setups (e.g., stereo cameras). This is advantageous for example in 3-D pro-
ductions.

Determining a measure of region of a two-dimensional picture representation
using an integral image

In connection with the apparatus/method for determining model parameters it may be in-
teresting to employ an apparatus/method for determining a measure of a region of a two-
dimensional picture representation using an integral image and/or a corresponding method.
For example, such a method for determining a measure of a region of a two-dimensional
picture representation may use an integral image of the two-dimensional picture represen-

tation (higher dimensional picture representations are also imaginable).

In P. Viola and M. Jones, Rapid object detection using a boosted cascade of simple fea-
tures, in IEEE Conference on Computer Vision and Pattern Recognition, volume 1, pages
511-518, Kauai, HI, USA, Apr. 2001, Viola and Jones proposed a framework for rapid
object detection. They used Haar-like rectangle features and AdaBoost to train a classifier
cascade for object detection. They proposed the integral image for fast feature extraction.
Each pixel in the integral image contains the sum of all the pixels to the left and to the top
of the pixel. Therefore the integral image can be used to calculate the sum of all pixels in a
rectangular region by adding the upper left and lower right and subtracting the upper right
and lower left corner pixel values. To this end, summing up all the pixels in a rectangular
region of arbitrary size can be done by only four look-ups in the integral image in constant

time,

Afterwards Haar-like features and applications of the integral image have been used in
numerous publications and various improvements were proposed. However all of them are

based on rectangular regions or combinations of rectangular regions.
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Yin and Collins (Z. Yin and R. T. Collins, Object tracking and detection after occlusion via
numerical hybrid local and global modeseeking, in Computer Vision and Pattern Recogni-
tion, 2008. CVPR 2008. IEEE Conference on, page 1-8, 2008) proposed that an arbitrary
image region can be split up in rectangles with edges parallel to the coordinate axes. There-
fore the sum inside an arbitrary region can be calculated by summing up all the rectangular

regions with help of the integral image.

Mohr and Zachmann (D. Mohr and G. Zachmann, FAST: fast adaptive silhouette area
based template matching, in Proceedings of the British Machine Vision Conference, pages
39.1—39.12, 2010) also proposed to approximate an arbitrary arca by a set of rectangles
with axis-aligned edges. They used the method for fast template matching based on a prob-
ability image where each pixel contains the probability whether the pixel belongs to the

object or not.

They also adopted the integral image to obtain a scalable and resolution independent solu-
tion.,

The rectangle based region approximation has several advantages compared to previous
approaches. It provides a very fast and scalable way to calculate the sum of pixel values
within an arbitrary image region. However it has several drawbacks for various applica-

tions.

An example of an arbitrary region that is approximated by axis-aligned rectangles is shown
in Fig. 20a. It takes four numerical values to store each rectangle and four look-ups in the
integral image to calculate the sum of the pixel values in the rectangle. A total amount of
4N numerical values and look-ups is needed to store the region approximation and calcu-
late the sum of pixel values respectively.

Assuming a region defined by an arbitrary polygon has to be approximated, an algorithm is
required that splits up the polygonal region in non-overlapping rectangles. This can be a
time consuming and challenging task. Moreover if one wants to modify or manipulate the
approximation, one always has to deal with all corners of all the rectangles that are in-
volved in the manipulation. Fig. 20b shows a small manipulation of the region boundary.
Even in this primitive case of moving one rectangle corner all the emphasized rectangles
have to be manipulated.
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The need for an algorithm that is able to approximate a region with non-overlapping rec-
tangles and the difficulties involved in region manipulation are both drawbacks that have

to be considered in many applications.

One option for dealing with these drawbacks is offered by an apparatus for determining a
measure of a region of a two-dimensional (or higher-dimensional) picture representation
using an integral image of the two-dimensional picture representation. The apparatus com-
prises a first determiner being configured to determine a closed curve approximating a
border of the region such that the closed curve is a polygon comprising at least six axis
parallel segments parallel to axes of the integral image. Furthermore, the apparatus com-
prises a second determiner being configured to determine the measure of the region by
alternately adding and subtracting values of the integral image at vertices of the polygon.

A corresponding method for determining a measure of a region of a two-dimensional (or
higher dimensional) picture representation uses an integral image of the two-dimensional
picture representation. The method comprises the step of determining a closed curve ap-
proximating a border of the region, such that the closed curve is a polygon comprising at
least six axis parallel segments parallel to axes of the integral image. Furthermore, the
method comprises a step of determining the measure of the region by alternately adding
and subtracting values of the integral image at vertices of the polygon.

In particular, the proposed apparatus and method for determining a measure of a region
may be used in the context of determining model parameters where a corresponding model
describes how an object is transformed from a first frame of reference (typically within the
“real” world of the acquired real object) to a second frame of reference (typically defined
with respect to the image, i.e., the result of the acquisition process).

An arbitrary region (for example, a selected region mentioned above in the context of the
determination of model parameters) can be described by a much more flexible and com-
pact shape description that has none of the drawbacks tied to the rectangle based approxi-
mation when only axis parallel segments (for example horizontal and vertical segments)
that approximate the border of the region are used. This efficient shape representation for
arbitrary regions can be used to calculate rapidly a measure of the region defined by the
closed curve by alternately adding and subtracting values of the integral image at vertices

of the polygon comprising the axis parallel segments.

In the following, the closed curve may also be designated as shape, and an axis parallel

segment may also be designated as segment.
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Compared to the rectangle based method it is very easy to calculate the measure of the re-
gion, because only the border of the region has to be considered for calculating the meas-
ure of the region, as the measure is calculated by adding and subtracting values at vertices
of the polygon, which is a closed curve approximating the border of the region. For the
above mentioned determination of model parameters, the acquired image is evaluated with-
in the image section that is mapped to the transformed selected region. The transformed
selected acts as a mask or template that described the image section within the acquired
image. Various measures of the image section can be determined in a fast and efficient
way. An average image value within the image section can be determined by determining
the total sum of image values (e.g., pixel values) within the image section. The total num-
ber of pixels within the image section may also be determined by evaluating the image
section in an auxiliary integral image in which all the pixels have the same value, for ex-
ample, “1”. The average image value within the image section is then the ratio of total sum
over total number of pixels in the image section that corresponds (via the transformation-

dependent mapping) to the selected region.

As can be seen from Fig. 20a, for calculating a measure of the region shown in Fig. 20a all
vertices of all rectangles have to be taken into account, as for each rectangle a measure has
to be calculated. Therefore, not only the boundary of the region has to be considered in the
rectangle based approach, but additionally also vertices of rectangles lying in the arbitrary

region.

Two vertices of the polygon may be connected by one axis parallel segment. In other
words, a starting point of an axis parallel segment is a first vertex and an endpoint of the
axis parallel segment is a second vertex, for example, succeeding the first vertex when

traveling on the closed curve.

The vertex of the polygon may be an endpoint of an axis parallel segment parallel to the
first axis of the integral image and a starting point of an axis parallel segment being paral-
lel to a second axis of the integral image. In other words, when traveling on the closed
curve, horizontal axis parallel segments parallel to a first axis of the integral image and
vertical axis parallel segments parallel to the second axis of the integral image alternate. As
an example, an edge of the region not parallel to an axis of the integral image can be ap-
proximated using at least two axis parallel segments, wherein a first one of the axis parallel
segments is parallel to the first axis of the integral image and a second one of the axis par-

allel axis is parallel to the second axis of the integral image.
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Fig. 12a shows a flow diagram of a method 100 for determining a measure of a region of a
two-dimensional picture representation using an integral image of the two-dimensional
picture representation. The method 100 comprises a step 101 of determining a closed curve
approximating a border of the region, such that the closed curve is a polygon comprising at
least six axis parallel segments parallel to axes of the integral image.

Furthermore, the method 100 comprises a step 103 of determining the measure of the re-
gion by alternately adding and subtracting values of the integral image at vertices of the

polygon.

As described above, by approximating a border of the region using axis parallel segments
instead of rectangles a much more flexible and compact shape description can be achieved
that has none of the drawbacks tied to the rectangle based approximation. Furthermore, the
measure of the region (for example, the sum of all pixels of the region) can be easily de-
termined by alternately adding and subtracting values of the integral image at the vertices
of the polygon. Hence, compared to the rectangle based approximation only the vertices of
the polygon, which approximate the border of the region, need to be stored and are used for
calculating the measure of the region, instead of vertices inside the region as in the rectan-

gular based approach.

As mentioned before, in an integral image each pixel can contain the sum of all the pixels
to the left and to the top of the pixel. Hence, by alternately adding and subtracting the val-
ues of the integral image at the vertices of the polygon, the sum of pixel values in the im-
age region defined by the shape or the closed curve can be calculated rapidly for arbitrary

regions.

Fig. 12b shows an apparatus 150 for determining a measure 151 of a region of a two-
dimensional picture representation 152 using an integral image 154 of the two-dimensional
picture representation 152, The apparatus 150 comprises a first determiner 153 configured
to determine a closed curve 155 approximating a border of a region, such that the closed
curve 155 is a polygon comprising at least six axis parallel segments parallel to axes of the

integral image 154.

Furthermore, the apparatus 150 comprises a second determiner 157 configured to deter-
mine the measure 151 of the region by alternately adding and subtracting values of the
integral image 154 at vertices of the polygon, In other words, the apparatus 150 can be
configured to perform the method 100.
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The first determiner 153 may receive the two-dimensional picture representation 152 and
may be configured to determine the integral image 154 of the same or may be configured
to receive the already determined integral image 154 of the two-dimensional picture repre-

sentation 152,

Further (optional) features described in the following in conjunction with the apparatus 150
are applicable also to the method 100, and vice versa.

As a list in brief note form, some aspects of the teachings relative to determining a measure

of a region of a two-dimensional picture or image may be presented as follows:

Apparatus (150) for determining a measure (151) of aregion (2114, 2115, 401) of a
two-dimensional picture representation (152) using an integral image (154) of the
two-dimensional picture representation (152), the apparatus (150) comprising: a
first determiner (153) being configured to determine a closed curve (155, 155; to
1555) approximating a border of the region (2115, 2115, 401) such that the closed
curve (155, 155; to 1555) is a polygon comprising at least six axis parallel segments
parallel to axes of the integral image (154); and a second determiner (157) being
configured to determine the measure (151) of the region(211;, 2112, 401) by alter-
nately adding and subtracting values of the integral image (154) at vertices of the

polygon.

The first determiner (153) may be configured to determine the closed curve (155,
155, to 1555) such that two vertices of the polygon are connected by one axis paral-
lel segment.

The first determiner (153) may be configured to determine the closed curve (155,
155, to 155s) such that, when traveling on the closed curve (155, 155; to 155s) hor-
izontal axis parallel segments parallel to a first axis of the integral image (154) and
vertical axis parallel segments parallel to a second axis of the integral image (154)

alternate.

The first determiner (153) may be configured such that each single non-axis parallel
edge of the region (2113, 2115, 401) is approximated by a sequence of at least one
horizontal axis parallel segment being parallel to a first axis of the integral image
(154) and at least one vertical axis parallel segment being parallel to at least a se-
cond axis of the integral image (154).
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Each vertex of the polygon may be associated to an x-coordinate value of a two-
dimensional xy-coordinate system of the integral image (154) and to a y-coordinate
value of the two-dimensional xy-coordinate system, wherein the first determiner
(153) is configured to determine the closed curve (155, 155, to 1555) such that,
when traveling on the closed curve (155, 155; to 1555), successive vertices differ
either in the x-coordinate or the y-coordinate.

The second determiner (157) may be configured to determine the measure (151) of
the region (2114, 2115) such that for each vertex of the polygon a value of the inte-
gral image (154) neighboring the vertex is added or subtracted.

A horizontal axis of the integral image (154) may extend along an x-coordinate di-
rection of a two-dimensional xy-coordinate system of the integral image (154) and
a vertical axis of the integral image (154) may extend along a y-coordinate direc-
tion of the two-dimensional xy-coordinate system. Furthermore, the second deter-
miner (157) may be configured to choose, for a vertex (201) of the polygon, the
value for adding or subtracting to determine the measure (151) of the region (211,
2115) as a value (A) of the integral image (154) neighboring the vertex (201) and
being associated to a preceding x-coordinate and a preceding y-coordinate relative
to the vertex (201). As an alternative to the preceding x-coordinate and the preced-
ing y-coordinate a rounded x-coordinate and a rounded y-coordinate may be used.

The second determiner (157) may be configured to determine the measure (151) of
the region (211}, 211,) such that for a vertex of the polygon lying at the border of
the integral image (154), for which the value neighboring the vertex and being as-
sociated to a preceding x-coordinate and a preceding y-coordinate lies outside the
integral image (154), the value is chosen to be zero.

The first determiner (153) may be configured to change vertices of the polygon cor-
responding to a change of the region (211,) of the two-dimensional picture repre-
sentation (152); and the second determiner (157) may be configured to determine a
measure of the changed region (211,) by subtracting and adding old values of verti-
ces (201;) which are changed or removed by the first determiner (153) from and to
the measure (151) of the region (211;), such that an old value which has been added
to determine the measure (151) of the region (211,) is subtracted from the measure
(151) of the region (211;) and an old value which has been subtracted to determine
the measure (151) of the region (211;) is added to the measure (151) of the region
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(211;) and by alternately adding and subtracting new values at changed or new ver-
tices (201}, 2015, 2013) of the polygon to the measure (151) of the region (211y).

A horizontal axis of the integral image (154) may extend along an x-coordinate di-
rection of a two-dimensional xy-coordinate system of the integral image (154) and
a vertical axis of the integral image (154) may extend along a y-coordinate direc-
tion of the two-dimensional xy-coordinate system of the integral image (154). The
first determiner (153) may be configured to shift a vertex (201y) of the correspond-
ing to a change of the border of the region (211,) in the x-coordinate direction or
the y-coordinate direction and to additionally change only one vertex neighboring
the shifted vertex on the closed curve (155) when the shifted vertex is shifted either
in the x- or the y-direction and changing only the two vertices (2013, 2023) neigh-
boring the shifted vertex (2011) on the closed curve (155, 1554, 1555) when the
shifted vertex (201,) is shifted in the x-direction and the y-direction.

The first determiner (153) may be configured to determine the closed curve (155;)
approximating the border of the region (401) such that the polygon is completely
surrounded by the border of the region (401). The first determiner (153) may be
configured to determine the closed curve (1 55,) approximating the border of the re-
gion (401) such that the border of the region (401) crosses an axis parallel segment.

The first determiner (153) may be configured to determine the closed curve (1552)
such that the border of the region (401) crosses the axis parallel segment in the cen-
ter of the axis parallel segment.

The first determiner (153) may be configured to determine the closed curve (155;)
such that a first vertex (403,) of the polygon lies outside the region (401) and, when
traveling on the closed curve (1553), a second vertex (403,) succeeding the first ver-
tex (403,) lies inside the region (401).

The first determiner (153) may be configured to determine the closed curve (1553)
such that a first vertex (4033) of the polygon lies outside the region (401) and, when
traveling on the closed curve (1553), a second vertex (403,) succeeding the first ver-
tex (4033) lies on the border of the region (401).

The first determiner (153) may be configured to adjust a precision of the approxi-
mation of the border of the region with the closed curve by changing a maximum
fixed length of the axis parallel segments of the polygon.
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The region (2114, 211;) may comprise a plurality of pixels, each pixel having a pix-
el value; and wherein the second determiner (157) may be configured to determine
the measure (151) of the region (211, 2115) such that it describes the sum of the
pixel values of all pixels of the two dimensional picture representation (152) inside
the region (2114, 2115).

Each value of the integral image (154) may be associated to a coordinate position of
a two-dimensional xy-coordinate system of the integral image (154). The first de-
terminer (153) may be configured to determine a further integral image of the two-
dimensional picture representation (152) in which each pixel value of each pixel of
the two-dimensional picture representation (152) is set to the same value. The se-
cond determiner (157) may be configured to determine a further measure of the re-
gion in the further integral image by alternately adding and subtracting values of
the further integral image at the same coordinate positions as the values of the inte-
gral image (154) used to determine the measure (151) of the region, such that the
further measure of the region describes a number of pixels in the region.

The second determiner (157) may be configured to calculate the mean value of all
pixels in the region based on the measure of the region and the further measure of
the region.

A method (100) for determining a measure (151) of a region (2115, 2115, 401) of a
two-dimensional picture representation (152) using an integral image (154) of the
two-dimensional picture representation (152) is also proposed, the method (100)

comprising:

determining (101) a closed curve (155, 155, to 1555) approximating a bor-
der of the region (211, 2115, 401) such that the closed curve (155, 155, to 1555) is
a polygon comprising at least six axis parallel segments parallel to axes of the inte-
gral image (154); and

determining (103) the measure (151) of the region (2115, 2115, 401) by al-
ternately adding and subtracting values of the integral image (154) at vertices of the

polygon.

Fig. 14 shows an example for a region 301 of a two-dimensional picture representation
152, a border of which is approximated using a closed curve 155 by the first determiner
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153. The closed curve 155 is a polygon, which comprises a plurality of axis parallel seg-
ments parallel to an axis of the two-dimensional picture representation 152. As an exam-
ple, the two-dimensional picture representation 152 can comprise (or be based on) a two-
dimensional xy coordinate system having a first coordinate axis (for example an x-
coordinate axis or a horizontal axis) and a second coordinate axis (for example a y-
coordinate axis or a vertical coordinate axis). The axes of the two-dimensional picture rep-
resentation 152 may be equal to the axes of the integral image 154 of the two-dimensional
picture representation 152, such that the axis parallel segments of the closed curve 155
parallel to the axes of the two-dimensional picture representation 152 are parallel to the
axes of the integral image 154, too. As can be seen from Fig. 14, all segments of the closed
curve 155 are parallel to the axes and when traveling on the closed curve 155 axis parallel
segments parallel to the first coordinate axis of the two dimensional picture representation
152 alternate with axis parallel segments parallel to the second coordinate axis of the two-

dimensional picture representation 152.

Various representations of the shape are possible. The simplest form consists of S = {x;,
V1, X2, V2 - %n, Yo} Whereas x; y; are the x- and y-coordinates of the i-th corner (or vertex)
of the shape related to the coordinate system of the two-dimensional picture representation
152. The vertices i and i + 1 are adjacent and connected by a segment. Vertex n and vertex
1 describe the segment that closes the shape from the last vertex to the first one.

A closer look reveals redundancy in this representation. Successive vertices differ either in
the x- or in the y-coordinate because only segments aligned with the axes are used. There-
fore two successive x or y entries always contain the same value and the representation can
be shortened t0 S = {Xu(1, Y112 X2(3 Y3i4s ---» Xn2ineis Ynlin}. Another realization can represent
a starting point and alternately displacements dx, dy in x- and y-direction, with S = {xs Vs
dx;, dyy dxs, dxy, ..., d%,., dy.). In this representationz (dx;, =0 and Ziin = 0 holds,
otherwise S is not a closed shape. Therefore the last displacements in x- and y-direction

could be dropped (the starting point is known).

In other words, each vertex of the polygon can be associated to a first coordinate value and
a second coordinate value of the coordinate system of the integral image 154 and two-
dimensional picture representation 152, wherein when traveling on the closed curve 155
successive vertices differ either in the first coordinate (for example the x-coordinate) or the

second coordinate (for the example the y-coordinate).

Another possibility is to describe the shape with a bounding box and the vertices relative to
the bounding box in the same way already shown. Therefore the width, height and location



10

15

20

25

30

35

WO 2012/113732 PCT/EP2012/052798

38

of the shape can easily be manipulated by changing only the size or location of the bound-

ing box.

Independent of the chosen representation the shape can be subject to any coordinate trans-
form that is useful for the designated application. The order of x,; y pairs can also be

switched to y, x instead.

Compared to the rectangle based method it is very easy to approximate an arbitrary region
with arbitrary precision using the described shape representation. A polygonal region for
example is approximated with arbitrary precision by approximating each single edge of the
polygon with a sequence of horizontal or vertical shape segments as shown in Figure 15a.

In other words, according to a further embodiment each single non-axis parallel edge of the
border of the region is approximated by a sequence of at least one horizontal axis parallel
segment (for example being parallel to the first coordinate axis of the integral image) and
at least one vertical axis parallel segment (for example being parallel to the second coordi-

nate axis of the integral image).

Geometric forms other than the one shown in Figs. 15a and 15b are easy to approximate as
well, because only the boundary is considered. Depending on the application and the re-
quirements the shape can be approximated with adjustable precision. As an example, seg-
ments with a fixed maximum length as well as segments with freely adjustable length can
be employed. In other words, a resolution of the approximation of the border of the region
with the closed curve can be adjusted by changing a maximum fixed length of the axis par-
allel segments of the polygon.

In addition, the approximation is not restricted to the inner region. It is also possible to
approximate the mean or outer region as shown in Fig. 15b. In the case of the mean ap-
proximation the region border is crossed by the center of each (shape) segment.

Fig.15b shows in the top picture an example wherein the closed curve 155; approximating
the border of a region 401 is determined by the first determiner 153 such that the polygon
is completely surrounded by the border of the region, in a similar manner as in Fig. 7.

Furthermore, Fig. 15b shows in the middle picture an example in which the closed curve
158, approximating the border of the region 401 is determined by the first determiner 153
such that the border of the region crosses an axis parallel segment. In the example shown

in Fig. 15b, the border of the region crosses each axis parallel segment of the polygon. Fur-
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thermore, for at least some of the axis parallel segments of the polygon, the border of the
region crosses an axis parallel segment in the center of the axis parallel segment.

Furthermore, a first vertex 403; of the polygon (or of the closed curve) lies outside the re-
gion 401 and, when traveling on the closed curve 155,, a second vertex 403, succeeding
the first vertex 403, lies inside the region 401.

Furthermore, Fig. 15b shows in the bottom picture an example for a closed curve 155,
which is determined such that a first vertex 4033 of the polygon (or of the closed curve
155;) lies outside the region 401, and when traveling on the closed curve 1553 a second
vertex 403, succeeding the first vertex 403; lies on the border of the region 401 (see also
Fig. 8). In other words, the closed curve 1553 surrounds the region 401.

From Figs. 15a and 15b it can be seen that approximating an arbitrary region is a simple
task with the shape representation (using axis parallel segments) and can.be done easily
with arbitrary precision.

Moreover, the shape representation (or the closed curve) can be manipulated in an easy and
flexible way. Shifting a vertex in x- or y- direction affects exactly one neighboring vertex.
For example, the x-direction may be a first coordinate direction of a two-dimensional xy-
coordinate system of the two-dimensional picture representation and of the integral image.
Furthermore, the y-direction may be a second coordinate direction of the two-dimensional
xy-coordinate system of the two-dimensional picture representation and the integral image.
Every axis parallel segment of the closed curve or polygon approximating a border of a
region of the two-dimensional picture representation is parallel either to the first coordinate
direction and therefore extends along the x-direction or parallel to the second coordinate

direction and therefore extends along the y-direction.
Exactly two neighboring vertices are affected when shifting a vertex in x- and y-direction.

As an example, the first determiner 153 may be configured to shift a vertex of the polygon
in response to a change of the border of the region in the x-direction or the y-direction and
to additionally change (only) one vertex neighboring the shifted vertex on the closed curve
when the shifted vertex is shifted either in the x- or the y-direction or to additionally
change (only) the two vertices neighboring the shifted vertex on the closed curve when the
shifted vertex is shifted in the x-direction and the y-direction.
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Fig. 16 exemplifies manipulations of only one vertex. It can be seen that the shape can be
manipulated in a flexible and easy way. Unlike the rectangle based method, only neighbor-
ing vertices are involved in the manipulation. From Fig, 16 it can be seen that by shifting
one vertex in the x- and the y-direction only the two neighboring vertices have to be
changed. This is a huge advantage compared to the rectangle based method as shown with
Fig. 20b, in which entire rectangles have to be changed if only one vertex changes.

In the compact shape representation without redundancy for the closed curve, which was
introduced above, each single entry can even be altered independently of all other entries,

because each entry belongs to two vertices.

Furthermore, the shape representation allows to split-up, merge, add or remove the seg-
ments in an arbitrary way while keeping the start and end vertex location of the modified
parts constant. Therefore, the shape can be altered in a flexible way that is advantageous
for many applications. Some possible applications will be shown below.

The shape or the closed curve can be used to calculate the sum of all pixel values enclosed
by the shape with the integral image in a very fast and comfortable way. By assigning al-
ternately each value at the locations of the shape vertices in the integral image a positive or
negative algebraic sign the sum of all pixel values within the region can be obtained by
summing up these signed values. The order the algebraic sign is assigned to these values is
defined by the order of the shape vertices. The algebraic sign of the first value determines
whether the sum or the negative sum of all pixel values in the shape is obtained.

In other words, the measure 151 of the region determined by the method 100 or the appa-
ratus 150 can be the sum of all pixel values of the two-dimensional picture representation
152 within the region (the border of which is approximated by the closed curve 155).

In the following, using the Figs. 13a to 13c an example of calculating the sum of all pixels
within a region of a two-dimensional picture representation 152 using an integral image
154 of the two-dimensional picture representation 152, As already described a closed curve
approximating a border of the region is determined by the first determiner 153, such that
the closed curve is a polygon comprising at least six axis parallel segments parallel to axes
of the integral image 154. The measure 151 of the region (in the concrete example the sum
of all pixels within a region) is determined by the second determiner 157 by alternately
adding and subtracting values of the integral image 154 at vertices of the polygon.
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Fig. 13a shows an example for the different possibilities of vertices of a polygon for ap-
proximating a border of the region and which of the values at the vertices is to be chosen to
determine the measure 151 of the region. In the example shown in Fig. 13a a vertex 201 is
surrounded by four values each having an x-coordinate and a y-coordinate of a two-
dimensional xy-coordinate system, for example, of the integral image 154 and the two-
dimensional picture representation 152. Therefore, for calculating the measure 151 of the
region using the first determiner 153 each vertex offers different values to add or subtract
to derive the measure 151 of the region. The vertex 201 connects a first axis paralle] seg-
ment 203, being parallel to the y-coordinate axis of the two-dimensional xy-coordinate
system and a second axis parallel segment 203; being parallel to an x-coordinate axis of
the two-dimensional xy-coordinate system. The shaded areas in Fig. 13a symbolize inner
areas of the polygon, i.e. the values in the shaded arcas belong to the region for which the
measure 151 is to be determined. From Fig. 13a it can be seen that for each vertex, the top
left value A is always taken to be added or subtracted to determine the measure 151 of the
region. In other words, for a vertex of the polygon the value for adding or subtracting to
determine the measure is chosen as the value of the integral image 154 neighboring the
vertex and being associated to or having a preceding x-coordinate (rounded x-coordinate)
and a preceding y-coordinate (rounded y-coordinate) relative to the vertex. In the integral
image 154, typically the value with the preceding x- and y-coordinates is the smallest value
of the four values A, B, C, D neighboring the vertex 201.

Fig. 13b shows how the sum of all pixels of a region 211, of a two-dimensional picture
representation 152 shown in the left side of Fig. 13b is determined using an integral image
154 of the two-dimensional picture representation 152, which is shown on the right side of
Fig. 13b.

The two-dimensional picture representation 152 comprises a plurality of pixels, each pixel
having a value and an associated x-coordinate and y-coordinate in a two-dimensional xy-
coordinate system of the two-dimensional picture representation 152 and the integral im-
age 154. The region 211; is approximated by a closed curve 1554 comprising a plurality of
axis parallel segments being parallel to the axis of the two-dimensional picture representa-
tion 152 and the integral image 152. It is a goal to derive as the measure of the region 211,
the sum of all pixels within the region 211;. According to the method 100 the measure of
the region 211, is determined by (the second determiner 157 by} alternately adding and
subtracting values of the integral image 154 at vertices of the polygon (or the closed curve
155,) approximating the border of the region 211;.
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From adding all pixel values within the region 211, the sum of all pixels inside the region

211; can be determined as 47.

From Fig. 13b on the right side it can be seen, how this sum of all pixels within the region
211, can be derived by the second determiner 157 using the integral image 154 of the two-
dimensional picture representation 152. From Fig. 13b it can be seen that the sum of all
pixels is derived by alternately adding and subtracting values at vertices of the polygon (or
the closed curve 1554). In the integral image 154 shown in Fig.13b, for each vertex the
value used to derive the measure of the region is marked with a circle and the algebraic
sign (+ or -) used for the value is shown. Furthermore, it can be seen that when traveling
along the closed curve 155, for each vertex, a value is added or subtracted, wherein the
value is added when the value of the preceding vertex was subtracted and the value is sub-
tracted when the value of the preceding vertex was added. Furthermore, for determining
the measure 151 of the region 211, one has to travel along the closed curve 1554 once,
such that for each vertex of the closed curve 1554 one value is added or subtracted.

Furthermore, from Fig. 13b it can be seen that in the case of the vertex lying at a border of
the integral image, such that the value neighboring the vertex and being associated to or
having a preceding x-coordinate and a preceding y-coordinate is outside the integral image,

the value is chosen to be 0.

Traveling along the closed curve 155, and adding and subtracting the values at the vertices

of the closed curve 155, results in the following equation:
1-6+0-0+15-13+33-44-+82-55+42-8=47,

Hence, the sum of all pixels in the region 211, is derived by alternately adding and sub-
tracting the values at the vertices of the closed curve 155,.

Another example is shown in Fig. 13¢, in which the region 211; has been slightly changed.
The new region 211, shown in Fig. 13c does not enclose the pixel with the value 7, there-
fore, a sum of all pixels of the region 211, equals 40, as can be seen from Fig. 13c. The
integral image 154, of course, stays the same, as the two-dimensional picture representa-
tion 152 did not change. But as the region 211, has been changed, the closed curve 1554 is
changed by the first determiner 153, resulting in the new closed curve 1555 approximating
the border of the new region 211,. This can be seen in the two-dimensional picture repre-
sentation 152 shown on the left side of Fig. 13¢ and in the integral image 154 shown on the
right side of Fig. 13c. As can be seen the change of the region results in a shift of a vertex
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201, in the x and the y direction, thereby generating two new vertices 2015 , 2015. The sum
of all pixels of the new region 211, can be derived the same way as in Fig. 13b by traveling

around the closed curve 1555, receiving the following equation:
1-6+0-0+15-13+33-444+60-46+61-55+42-8=40.

As has been described before, an advantage of the use of axis parallel segments instead of
rectangles is the easy manipulation of the closed curve and an easy determination of a new
measure of a changed region by only taking into account the vertices which changed be-
cause of the change of the region. In the example shown in Figs. 13b and 13c, the sum of
all pixels within the new region 211, can easily be calculated by subtracting the value (82)
of the changed vertex 201, and by alternately adding and subtracting the values at the new
vertex 2015, the changed vertex 201, and the new vertex 2013 to and from the measure of
the old region 211,. Therefore, the measure of the new region 211, can easily be calculated

as:
47-82+60-64+61=40,

which means much less computational efforts than adding and subtracting all values at the

vertices again.

Or expressed in other words, the first determiner 153 may be configured to change vertices
of the polygon (for example, in response to a changed region).

Furthermore the second determiner 157 may be configured to determine a measure of the
changed region by subtracting and adding old values from and to the measure of the old
region of vertices (for example, the vertex 201,), which are changed or removed by the
first determiner 153, such that an old value (for example, +82) which has been added to
determine the measure of the old region is subtracted from the measure of the old region
and an old value which has been subtracted to determine the measure of the old region is
added to the measure of the old region, and by alternately adding and subtracting new val-
ues (for example, +60, -46, +61) at changed vertices (for example, the changed vertex
201;) or new vertices (for example, the new vertices 2015, 2013) of the polygon to the

measure of the old region.

In the following, it will be shown that this way of using arbitrary shapes in combination
with the integral image offers a performance gain and flexibility for many applications.
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Shape Capabilities

Using the described shape description, various properties of arbitrary image regions in a
very fast, scalable and flexible ways can be obtained: As shown before, the shape can be
applied on the integral image of the image that should be processed to calculate the sum of
all pixel values in the region defined by the shape.

Moreover, if the shape is supplied on the integral image of an image with each pixel hav-
ing the same value (1, or another value), the number of pixels (or multiplied by the value)
enclosed by the shape can be obtained. With the sum of pixel values and the number of
pixels in the shape the mean intensity or mean value of all the pixel values enclosed by the
shape can be calculated very fast.

As an example, the apparatus 150 may be configured to determine a further integral image
of the two-dimensional picture representation, with each pixel value of each pixel of the
two-dimensional picture representation being set to the same value (for example, 1). And
the apparatus 150 may be configured to determine a further measure of the region in the
further integral image by alternately adding and subtracting of values of the further integral
image being associated to the same coordinate positions as the values of the integral image
used to determine the measure of the region, such that the further measure describes the
number of pixels in the region. The mean value of all pixels of the region (enclosed by the
closed curve) can then be calculated based on the measure of the region describing the sum
of all pixels in the region and the further measure of the region describing the number of
pixels in the region, by the apparatus 150.

Higher order moments and other features with additive properties can be considered as
well to extract and describe properties of arbitrary image regions. The methods can be ap-
plied to graylevel or intensity images as well as to color images in arbitrary color spaces.
In general, all kinds of images can be used in combination with this method. The shape can

also be used in combination with integral histograms.

The shape representation is also perfectly suited to find or label all pixels enclosed by the
shape in an image in a very efficient and easy way. Therefore, all pixels that correspond to
vertices of the shape are marked in the image alternately with the shape label “+” and “— .
In the following an example is described that steps through a bounding box and prints the
indices of the pixels enclosed by the shape. Assuming without any loss of generality for the
depicted algorithm shown in Fig. 18 the vertex closest to the origin is labeled with “+”.
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Iterating line by line over a bounding box or an image the current pixel is labeled as “in-
side shape” if the algorithm is inside a “plus section” or if the pixel above is marked “in-
side shape” and if the algorithm currently is neither in a “plus section” nor a “minus sec-
tion”. Each line has an even number of labeled pixels. Two succeeding labeled pixels de-
fine a section where it becomes a “plus-section” if the first of these two pixels is labeled as
“1» and a “minus section” if the first pixel is labeled as “~”. To know whether the pixel
above was labeled “inside shape” simply an array of length number of columns of the
bounding box which holds this information is introduces. As a natural initial condition, the
values of this area are set to not “inside shape”. This algorithm can easily be extended to
3D volumes by slicing the shapes into the planes.

The two-dimensional picture representation can be, for example, a picture or a slice of a

3D volume.

Region-Based Object Model

In the following it will be shown how the shape representation using only axis parallel
segments can be applied in a new region-based object model. It will be exemplified that the
region-based matching scheme can, for example, be combined with a particle filter and
lead to a very fast detection and tracking algorithm that is almost invariant to image noise.

Research on object detection, tracking and recognition has intensively been done in the last
two decades. A good overview about object racking is given by Yilmaz et al. (A. Yilmaz,
0. Javed, and M. Shah. Object tracking. ACM Computing Surveys, 38(4):13-es, 2006).

Various models and methods for object tracking have been proposed, e.g. primitive geo-
metric shapes, contour or skeletal models among others (A. Yilmaz, O. Javed, and M.
Shah. Object tracking. ACM Computing Surveys, 38(4):13—es, 2006.). Many of the detec-
tion and tracking algorithms rely on edges and feature points (S. Baker and I. Matthews.
Lucas-Kanade 20 years on: A unifying framework: Part 1: The quantity approximated, the
warp update rule, and the gradient descent approximation. International Journal of Com-
puter Vision, 56(3):221-255, 2004.). However, edge and feature point detectors are sensi-
tive to noise and therefore often tied to good image quality.

Han and Davis (B. Han and L. Davis. Robust observations for object tracking. In IEEE
International Conference on Image Processing, volume 2, 2005.) proposed another robust
tracking scheme. They approximated the object by a rectangle and assumed that a region
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that surrounds the object contains background. They used a particle filter and a log-
likelihood ratio to track objects in likelihood images.

Model Scheme

The model and tracking scheme described in the following is not limited to rectangular
regions. Moreover, it is not tied to likelihood images and does not necessarily require the

object to be surrounded by the background.

In the following, a region-based object model that is almost invariant to image noise is
described. The proposed techniques can be adopted to 2D and 3D models with rigid or
parametrizable shapes. The method can for example be applied on 3D face models with
parametrizable facial actions.

Figure 19 exemplifies a primitive 2D region based shape model that defines various re-
gions with different characteristics of the enclosed regions. In general the model comprises
a number of regions with corresponding characteristics and dependencies between the re-

gion characteristics.

The model can include closed curves S; Ss,..., Sy, mappings ty, ta,..., tm, and comparison
measures C,,C,,...,C, and can be parameterized with a parameter vector x. The closed
curves S; (2D or 3D) can for example be realized as polygons or parameterized geometric
curves. In general any realization of these closed 2D- or 3D-curves §; that can be mapped
to the shape representation gi with a mapping t; by transformation, projection and approx-
imation is feasible, Therefore each mapping t; depends on the parameter vector X. A map-
ping t; that belongs to a 3D model can comprise, for example, a parameterized transfor-
mation and deformation of a 3D curve, the projection of the curve in the 2D image plane
(using a camera model) and a subsequent approximation with the described shapes. The
comparison measures C; to C, rely on characteristics of regions enclosed by the shapes §i
or on relations between characteristics of different regions. The object model 112, 212
mentioned above with respect to Figs. 2A and 2B and various other places throughout this
document may comprise, for example, the closed curves Sy, .. Sy defined in an object-
related frame of reference. Furthermore, the object model 112, 212 may comprise image
values for the various regions that are delimited by the closed curves 81, .. Sp. The model
parameters 114, 214 of Figs. 2A and 2B (and various other places throughout this docu-

ment) may comprise the mappings ty, t,..., tn. Thus, the mappings t;, t2,..., tn may depend
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on a location and/or orientation of the object, on a location/orientation of the acquisition

device, and on an acquisition geometry of the acquisition device.

The parameter vector x of a rigid 2D model for a specific traffic sign could for example be
X = {Xe, Yo, S}, with x- and y-coordinates of the center of the sign and the size s of the sign
within the image plane. The parameter vector of a deformable 3D-face model could com-
prise x = {X, v, Z, 0, B, v, a1, az,..., &}, with 3D-location x, y, z and rotation a, B,y about
the three coordinate axes and facial actions a; to a, The facial actions could be mouth
opening, eyes opening, gaze or any facial action known from the facial action coding sys-
tem (FACS). Moreover any state variables like speed or acceleration could be part of the
parameter vector. In general any valid parametrization of the model is feasible. The model
or shape deformations can also be subject to constraints. For example only realistic or spe-
cific deformations could be allowed. Unrealistic deformations during tracking or optimiza-
tion could be penalized in the objective function of the optimization scheme.

The curves S; to Si enclose regions of the object that can be mapped to §1 o §m and used

by the comparison measures C; to C, to match the image with the model. Shapes may
overlap or enclose other shapes and characteristics of regions between two or more shapes

can be evaluated by the comparison measures (see also figure 19).

The comparison measures C; to C, can evaluate characteristics of individual regions de-
fined by the mapped shapes §1 to §m . They can also evaluate or compare characteristics of
two or more regions. For example they could compare the mean intensities, variances or
color characteristics of two or more regions. The comparison measures C; to C, correspond
to or are related to the similarity measures mentioned above (e.g, in the context of the de-
scription of Figs. 2A and 2B).

A specific measure could compare the mean intensities of two regions and produce higher
response for higher differences between the mean intensities. Any measure that produces
higher responses for more different feature values (e.g. intensities or variances) can be
used to model differences. Also measures that produce only responses if the characteristic
(e.g. intensity or variance) of one region is greater (or less) than that of another region can
be used. Measures that produce higher responses for more similar characteristics can be
used to model equalities. Also measures that compare region characteristics with prede-
fined model specific characteristics can be applied. The measures could also provide prob-
abilities or likelihoods that the characteristics of the regions of the object or image under
test belong to the object that is modeled, searched or tracked.
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A combination of various or of all the measures can be used for the overall match of the
parameterized model with the image. In the traffic sign example of Fig. 19 the overall
match could for example comprise and evaluate the following dependencies:

e Mean intensity of region R; is higher than mean intensity of region R;.
e Mean intensity of region R3 equals mean intensity of region Ry.
e Mean intensities of region R3 and R4 are lower than mean intensity of region R,.

The sum of pixel values in regions defined by more than one shape can be calculated by
adding or subtracting the sum of pixel values defined by individual shapes. For example
the sum of pixel values of region R; is the sum of all pixel values enclosed by S; minus the
sum of all pixel values enclosed by S,. The same holds for the other characteristics .

Detection, Tracking and Recognition

Detection, tracking and recognition of objects can be conducted by a combination of the
model scheme with any optimization or state estimation algorithm.

For example a particle filter (B. Ristic, S. Arulampalam, and N. Gordon. Beyond the
Kalman filter : particle filters for tracking applications. Artech House, Boston MA, 2004.)
can be used in combination with the described model to detect, track and recognize objects
in images. Therefore the state or parameter vector x is estimated by the particle filter. The
particles are initialized randomly or with a priori knowledge. The prediction step can be
modeled according to a specific motion, deformation or state evolution model. The update
step incorporates the overall match of the model (combination of comparison measures)
with the image in the measurement model. Therefore the closed curves of the model are
mapped and approximated with our shapes in the image and the required characteristics of
the regions enclosed be the shapes are extracted and used for the overall match (e.g. com-
parison of the mean intensities of the enclosed regions).

Automatic Model Generation with Samples

Object models can also be generated automatically with sample images of the objects.
Therefore different regions of the object are automatically segmented in the image using
for example the proposed image segmentation methods. Shapes of the object regions and



10

15

20

25

30

WO 2012/113732 PCT/EP2012/052798

49

comparison measures that are generated on basis of the sample images can be included in

the object model.

Extension to Higher Dimensions

The described methods, models and applications for two-dimensional shapes can be ex-
tended to (discrete) three dimensional volumes or even n-dimensional hypervolumes. For a
discrete n-dimensional hypervolume the integral hypervolume representation V' (x) can be

calculated as

P (x) is the pixel value or a simple feature that is summed up to point x in the n-
dimensional space. In the n-dimensional space the shapes are also n-dimensional and are
described by n-dimensional vertices. The simplest form consists of S = {X1, X2,....Xm}

whereas x; is the i-th n-dimensional vertex of the shape.

An example for the three-dimensional case is the computer generated volume of a CT or
NMR-image. An example for the four-dimensional case is an added time dimension de-
scribing the development of the image for discrete points in time. The shapes in multi-
dimensions can be used in a similar way as in 2 dimensions for segmentation, tracking and

classification.

Applications

In the following sample applications and examples on how the described methods may be
used will be described.

Tracking in Likelihood Images
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Likelihood images are used for describing the probability of a certain occurrence (e.g. the
occurrence of an object or a pattern within an image with respect to the location in the im-
age). Each point of the image contains a number with the probability of the occurrence.
The described methods can be used for detecting the area with the highest likelihood for
the searched pattern or object.

Image Segmentation

Image segmentation can be conducted for example with an initial or random shape (for
example a rectangle) that is iteratively adapted to the region by optimizing an error criteri-
on (objective function). Adaption of the shape can be done by random or directed shape
modifications in combination with an arbitrary optimization or state estimation scheme
(e.g. particle filter, Kalman filter, genetic algorithms, steepest descent, downhill sim-
plex,...). The objective function could compare characteristics of the inner and outer re-
gion defined by the shape. Also shape evolution probabilities could be used, to manipulate
the shape in a specific way (e.g. using a priori knowledge about the region that is to be
segmented. It is also feasible to optimize each single segment independently of each other,
using such an optimization scheme. A coarse to fine optimization scheme is applicable that
starts with an initial coarse shape (e.g. rectangular region) that is refined and adapted to the
interesting image region by adding or removing segments or altering the shape in any other
valid way. Adding segments can be used to specify the interesting image region with arbi-
trary precision or performance. Segments of fixed (maximum) length can be used as well
as adaptive segment lengths. For example, horizontal and vertical borders can be approxi-
mated with single segments, whereas 45° rotated borders or fragmented borders can be

approximated with many segments.

Infinite Feature Pool for Object Classification

While local features are often calculated on rectangular areas (e.g. Haar features used for
face detection) it is also possible to use almost random shapes for creating the features.
Thus almost arbitrary and random features can be created. The advantage is that the areas
where the features are calculated can be adapted in a way so that they fit much better to the
pattern that is to be detected. Besides using the image pixels themselves also other derived
(low-level) features can be used. Examples are the second and further momentum or the
local contrast (e.g. using the Sobel or Laplacian operator). Doing so results in an enor-
mously rich feature pool that can be used for further training and classification steps.
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Generation of Parameterized Shapes

Shapes may be designed without constraints. But certain constraints may improve speed
and convergence in finding an optimal solution. Possible constraints are:
e shapes have to be self-avoiding with no self-crossings allowed,
e shapes consist of a minimum of 4 and a maximum of B vertices, with 4 and B be-
ing predefined values,
e shapes are constructed from pre-defined and parametrizable forms. Example are
circles, ellipses with pre-given sizes and eccentricity ranges or complex pre-defined
“elastic” shapes with weights and penalty terms describing the form,

shapes derived from a 3D model using projection to achieve 2D-shapes.

These shapes can be used for approximating and matching patterns and regions. A concrete
use case could be a 3D face model (-mesh).

Non-Rigid Generic 2D/3D Region-Based Models

The methods can be used for detection, tracking and recognition of objects in images using

region-based models as described in more detail above.

Concrete Examples

Some applications that can be treated with the described methods are pupil tracking, facial

feature tracking, traffic sign recognition, optical character recognition.

The pupil within the eye can be modeled as a dark circular region surrounded by brighter
surroundings. Thus, it can be detected using circular shapes and with a constraint of having
darker pixels inside the shape and brighter ones outside. Methods according to embodi-
ments of the present application also work on graylevel images (as the two-dimensional
picture representation). The pupil is modeled by a circular shape approximation. It could
be demonstrated by suitable experiments conducted by the inventors that the method even

works with images having a high level of artificial noise.
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Other facial features can be tracked using certain heuristics like the mouth region. Even
wrinkles can be detected using a model that sums up not pixels but low level features de-

scribing the contrast like the locale variance.

Traffic signs can be modeled using the exact (or a sufficiently exact) knowledge about
their shape and texture. From the texture certain pixel value distributions can be derived
that can be used for combining several subshapes with rules on how their subcontents are
related to each other. Projecting the known real traffic-shape as a 3D-shape to the image
using 3D—2D-transforms makes it possible to detect signs even from different points of

views / angles.

Another application is Optical Character Recognition (OCR). Here, every single letter can
be modeled using shapes.

The described shape representation and the model scheme have several advantages and
beneficial properties, some of them will be named in the following.

The described methods can be implemented very fast on standard hardware and are also
well suited for parallelization on graphic cards. Even calculation of the integral image can
be parallelized on the GPU (summing up column by column first and then line by line).
The proposed shape representation is highly scalable in terms of vertex count and precision
of the approximation. The proposed shape descriptors are very flexible and can be manipu-
lated very easy. Arbitrary regions described by polygons or parameterized curves can be
approximated very easy. The performance of the proposed methods is almost invariant to
the image size. The proposed region-based tracking scheme is very robust to noise. The
properties of the regions defined by the shapes can be calculated with subpixel precision,
by looking up in the integral image with subpixel precision (interpolation).

To summarize, the embodiments provide a fast method to calculate characteristics of arbi-
trary image regions with flexible shape descriptors and integral images. Moreover, a region
based model to describe objects has been described. Furthermore, a matching scheme for
robust detection, tracking and recognition of objects in images using 2D or 3D region-
based object models have been described. Furthermore, sample applications, extensions
and generalizations of the method/approach have been described. Furthermore, the ad-
vantages of the proposed methods have been depicted and compared with state-of-the-art

techniques.
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Furthermore, an efficient shape representation for arbitrary image regions that can be used
to calculate the sum of pixel values in the image region defined by the shape has been de-
scribed and the advantages of this shape representation have been shown and compared

with the drawbacks of the rectangle-based approximation.

Furthermore, applications, for example in the field of segmentation and tracking of non-
rigid objects using the flexible shape representation that can be manipulated in an easy way
have been shown. Furthermore, generalizations to higher dimensions have been described.

Although some aspects have been described in the context of an apparatus, it is clear that
these aspects also represent a description of the corresponding method, where a block or
device corresponds to a method step or a feature of a method step. Analogously, aspects
described in the context of a method step also represent a description of a corresponding
block or item or feature of a corresponding apparatus. Some or all of the method steps may
be executed by (or using) a hardware apparatus, like for example, a microprocessor, a pro-
grammable computer or an electronic circuit. In some embodiments, some one or more of
the most important method steps may be executed by such an apparatus.

Depending on certain implementation requirements, embodiments of the invention can be
implemented in hardware or in software. The implementation can be performed using a
digital storage medium, for example a floppy disk, a DVD, a Blue-Ray, a CD, a ROM, a
PROM, an EPROM, an EEPROM or a FLASH memory, having electronically readable
control signals stored thereon, which cooperate (or are capable of cooperating) with a pro-
grammable computer system such that the respective method is performed. Therefore, the
digital storage medium may be computer readable.

Some embodiments according to the invention comprise a data carrier having electronical-
ly readable control signals, which are capable of cooperating with a programmable com-

puter system, such that one of the methods described herein is performed.

Generally, embodiments of the present invention can be implemented as a computer pro-
gram product with a program code, the program code being operative for performing one
of the methods when the computer program product runs on a computer. The program code
may for example be stored on a machine readable carrier.

Other embodiments comprise the computer program for performing one of the methods

described herein, stored on a machine readable carrier.
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In other words, an embodiment of the inventive method is, therefore, a computer program
having a program code for performing one of the methods described herein, when the

computer program runs on a computer.

A further embodiment of the inventive methods is, therefore, a data carrier (or a digital
storage medium, or a computer-readable medium) comprising, recorded thereon, the com-
puter program for performing one of the methods described herein. The data carrier, the
digital storage medium or the recorded medium are typically tangible and/or non—

transitionary.

A further embodiment of the inventive method is, therefore, a data stream or a sequence of
signals representing the computer program for performing one of the methods described
herein. The data stream or the sequence of signals may for example be configured to be
transferred via a data communication connection, for example via the Internet.

A further embodiment comprises a processing means, for example a computer, or a pro-
grammable logic device, configured to or adapted to perform one of the methods described

herein.

A further embodiment comprises a computer having installed thereon the computer pro-

gram for performing one of the methods described herein.

A further embodiment according to the invention comprises an apparatus or a system con-
figured to transfer (for example, electronically or optically) a computer program for per-
forming one of the methods described herein to a receiver. The receiver may, for example,
be a computer, a mobile device, a memory device or the like. The apparatus or system
may, for example, comprise a file server for transferring the computer program to the re-

cejver .

In some embodiments, a programmable logic device (for example a field programmable
gate array) may be used to perform some or all of the functionalities of the methods de-
scribed herein. In some embodiments, a field programmable gate array may cooperate with
a microprocessor in order to perform one of the methods described herein. Generally, the
methods are preferably performed by any hardware apparatus.

The above described embodiments are merely illustrative for the principles of the present
invention. It is understood that modifications and variations of the arrangements and the
details described herein will be apparent to others skilled in the art. It is the intent, there-



10

15

20

25

30

35

WO 2012/113732 55 PCT/EP2012/052798

fore, to be limited only by the scope of the impending patent claims and not by the specific
details presented by way of description and explanation of the embodiments herein.
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Claims
1. Apparatus for determining model parameters, the apparatus comprising:

an object model transformer configured to receive an object model of a known object and
to perform a transformation of the object model based on a set of model parameters from a
first frame of reference to a second frame of reference, to determine as result of this trans-
formation a transformed object model comprising at least one region, the at least one re-

gion being associated to an object region of the object;

a region comparator configured to receive the transformed object model and an image de-
picting the object, to determine for a selected region of the transformed object model a
region-related similarity measure representative of a similarity between the selected region
and an image section of the image associated to the selected region via a transformation-

dependent mapping; and

a model parameter determiner configured to determine an updated set of model parameters
on the basis of the region-related similarity measure and an optimization scheme.

2. Apparatus according to claim 1, wherein the object model transformer is further
configured to perform an image value transformation.

3. Apparatus according to claim 1 or 2, wherein the similarity measure comprises a

geometric similarity component and an image value similarity component.

4, Apparatus according to any one of claims 1 to 3, wherein the object model com-
prises a data structure describing the at least one region by means of geometric properties
and wherein the object model transformer is configured to transform the geometric proper-
ties to transformed geometric properties of the transformed object model.

5. Apparatus according to any one of claims 1 to 4, wherein the region comparator is

configured to integrate characteristic values of the image over the selected region.

6. Apparatus according to any one of claims 1 to 5, wherein the region comparator is
configured to evaluate at least one integral image of the image for determining the region-

related similarity measure.
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7. Apparatus according to any one of claims 1 to 6, wherein the region comparator is
configured to approximate boundaries of the selected region by a closed curve having
curve segments that are parallel to coordinate axes of the image.

8. Apparatus according to any one of claims 1 to 7, wherein the region comparator is
configured to evaluate the image section using the discrete Green’s theorem, wherein a
boundary of the image section used for the discrete Green’s theorem is based on a polygo-
nal approximation of a boundary of the selected region.

9. Apparatus according to any one of claims 1 to 8, wherein the region comparator is
configured to determine at least one statistical moment of the image for the selected region
and to determine the region-related similarity measure on the basis of the at least one sta-

tistical moment.

10.  Apparatus according to claim 9, wherein the region comparator is configured to
determine a mean image value on the basis of the at least one statistical moment, wherein
the mean image value is compared with an expected image value associated with the se-
lected region to obtain a corresponding comparison result the similarity measure being
determined on the basis of] at least, the comparison result.

11.  Apparatus according to claim 9 or 10, wherein the region comparator is configured
to determine a uniformity measure on the basis of the at least one statistical moment or a
further statistical moment, wherein the uniformity measure indicates how well the image
section is aligned with the selected region, the similarity measure being determined on the
basis of, at least, the uniformity measure.

12.  Apparatus according to any one of claims 1 to 11, wherein the object model de-
scribes a plurality of regions corresponding to a plurality of object regions of the object,
wherein the region comparator is configured to iterate the selected region over at least a
subset of the plurality of regions of the object model and to determine a combined similari-

ty measure on the basis of a plurality of region-related similarity measures.

13.  Apparatus according to any one of claims 1 to 12, wherein the object comprises a
plurality of shade or color regions, each shade or color region containing a unique shade or
color, and wherein the selected region is one of the plurality of shade or color regions.

14.  Apparatus according to any one of claims 1 to 13, wherein the optimization scheme
performs at least one optimization step of one of the Levenberg-Marquardt algorithm, a
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particle filter, Downhill-Simplex, a genetic algorithm, a gradient descent algorithm, or a

combination of any of these.

15.  Apparatus according to any one of claims 1 to 14, the apparatus being configured to
repeat a parameter determination performed by the object model transformer, the region
comparator, and the model parameter determiner on the basis of the updated set of model

parameters,

16.  Apparatus according to any one of claims 1 to 15, wherein the object is one of a

calibration chart, a calibration object, and a standardized object.

17.  Apparatus according to any one of claims 1 to 16, wherein the image is a camera
image acquired using a camera to be calibrated, wherein the model parameters comprise
camera parameters describing at least partially how the object model is transformed from
the first frame of reference to the camera-related second frame of reference, and wherein
the model parameter determiner is configured to determine updated camera parameters as

part of the updated set of model parameters.

18.  Apparatus according to any one of claims 1 to 17, wherein the apparatus is config-
ured for detecting or tracking the object and the model parameters describe at least one of a

current position and a current orientation of the object.

19.  Method for determining model parameters using a known object, the method com-

prising:
receiving an object model of the object;

transforming the object model based on a set of model parameters from a first frame of
reference to a second frame of reference, to determine as result of this transformation a
transformed object model comprising at least one region, the at least one region being as-

sociated to at least one object region of the object;
receiving an image depicting the object;

determining for a selected region of the transformed object model a region-related similari-
ty measure representative of a similarity between the selected region and an image section
of the image associated to the selected region via a transformation-dependent mapping; and
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determining an updated set of model parameters on the basis of the region-related similari-

ty measure and an optimization scheme.

20.  Method according to claim 19, wherein transforming the object model further com-

prises an image value transformation.

21.  Method according to claim 19 or 20, wherein the similarity measure comprises a

geometric similarity component and an image value similarity component.

22, Method according to any one of claims 19 to 21, wherein the object model com-
prises a data structure describing the at least one region by means of geometric properties,
and wherein transforming the object model comprises transforming the geometric proper-

ties to transformed geometric properties of the transformed object model.
23, Method according to any one of claims 19 to 22, further comprising:

integrating characteristic values of the image over the selected region prior to determining
the region-related similarity measure,

24.  Method according to any one of claims 19 to 23, wherein determining the region-
related similarity measure comprises evaluating at least one integral image of the image for
determining the region-related similarity measure.

25.  Method according to any one of claims 19 to 24, wherein determining the region-
related similarity measure comprises approximating boundaries of the selected region by a
closed curve having curve segments that are parallel to coordinate axes of the image.

26.  Method according to any one of claims 19 to 25, wherein determining the region-
related similarity measure comprises evaluating the image section using the discrete
Green’s theorem, wherein a boundary of the image section used for the discrete Green’s
theorem is based on a polygonal approximation of a boundary of the selected region.

27.  Method according to any one of claims 19 to 26, wherein determining the region-
related similarity measure comprises determining at least one statistical moment of the
image for the selected region and to determine the region-related similarity measure on the

basis of the at least one statistical moment.
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28.  Method according to claim 27, wherein determining the region-related similarity
measure comprises determine a mean image value on the basis of the at least one statistical
moment, wherein the mean image value is compared with an expected image value associ-
ated with the selected region to obtain a corresponding comparison result, the similarity

measure being determined on the basis of, at least, the comparison result.

29.  Method according to claim 27 or 28, wherein determining the region-related simi-
larity measure comprises determine a uniformity measure on the basis of the at least one
statistical moment or another statistical moment, wherein the wherein the uniformity
measure indicates how well the image section is aligned with the selected region, the simi-
larity measure being determined on the basis of, at least, the uniformity measure.

30.  Method according to any one of claims 19 to 29, wherein the object model de-
scribes a plurality of regions corresponding to a plurality of object regions of the object,
the method further comprising:

iterating the selected region over at least a subset of the plurality of regions of the object

model; and

determining a combined similarity measure on the basis of a plurality of region-related

similarity measures.

31, Method according to any one of claims 19 to 30, wherein the object comprises a
plurality of shade or color regions, each shade or color region containing a unique shade or
color, and wherein the selected region is one of the plurality of shade or color regions.

32.  Method according to any one of claims 19 to 31, wherein the optimization scheme
is one of the Levenberg-Marquardt algorithm, a particle filter, Downhill-Simplex, a genetic
algorithm, a gradient-descent algorithm, or a combination of any of these.

33.  Method according to any one of claims 19 to 32, wherein the object is one of a cali-
bration chart, a calibration object, and a standardized object.

34,  Method according to any one of claims 19 to 33, wherein the image is a camera
image acquired using a camera to be calibrated, wherein the model parameters comprise
camera parameters describing at least partially how the object model is transformed from
the first frame of reference to the camera-related second frame of reference, and wherein
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determining the updated set of model parameters comprises determining updated camera
parameters as part of the updated set of model parameters.

35.  Method according to any one of claims 19 to 34, wherein the method is a method
for detecting or tracking the object and the model parameters describe at least one of a cur-
rent position and a current orientation of the object.

36. A computer program having a program code for performing, when running on a
computer, a method according to any one of claims 19 to 35.
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Receiving an object model of the object

Y 1102
Transforming the object model based on a current set of camera
parameters of the camera to be calibrated, a corresponding
transformation comprising at least a geometric projection of the
object model from a first frame of reference to a second, camera-
related frame of reference, to determine as result of this
transformation a transformed object model comprising at least
one region, the at least one region being associated to at least
one calibration region of the object

Receiving a camera image depicting the object acquired using 104

the camera to be calibrated

J 1106
Determining for a selected region of the transformed object model
a region-related similarity measure representative of a similarity
between the selected region and an image section of the camera
image associated to the selected region via a transformation-
dependant mapping

y 1108
Determining an updated set of camera parameters on the basis

of the region-related similarity measure and
an optimization scheme

FIG 11
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/

101

/

Determining a closed curve approximating a border of the region such
that the closed curve is a polygon comprising at least six axis parallel
segments parallel to axes of the integral image.

A 4

Determining the measure of the region by alternately adding and
subtracting values of the integral image at vertices of the polygon.

103

FIG 12A
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bool L[#columns bounding box] = { FALSE };
for (i = 0;i < #rows bounding box; + +i)
{

bool FirstSign = FALSE;

bool PlusSection = FALSE;

bool MinusSection = FALSE;

for(j = 0; ] < #columns bounding box; + +j)
{
if( IsPositionMarked( i, j,'+'))
{
FirstSign = IFirstSign;
PlusSection = FirstSign;
MinusSection = False;

}

else if( IsPositionMarked( i, j, ') )
{

FirstSign = !FirstSign;

MinusSection = FirstSign;

PlusSection = False;
t
bool mark = PlusSection | |

IMinusSection && IPlusSection && L ( );

L(j) = mark;

if( mark )
{
// do something e.g. label the pixel
count << "("<<i<<""<<j<<")" <<end;
h
}
}

FIG 18
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