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Image processing method and system for determining a position of an object and for tracking

a moving object

Field of Invention

The field of the invention relates to image processing methods for determining a position of an
object within a scene. Particular embodiments relate to the field of image processing methods for
determining a position of an object by using multiple contemporaneous camera images. The field
of the invention further relates to image processing systems for determining a position of an object

within a scene and for tracking a moving object.

Background

A variety of techniques are known which perform (re)constructions of 3D objects based on a
plurality of camera images. An example of such a technique is voxel carving.

In general two classes of techniques to construct 3D objects are known,

A first class of 3D construction techniques is concerned with accuracy and a second class of 3D
construction techniques is concerned with speed.

Typically, the techniques of the first class are computationally intensive and time consuming.

On the other hand, techniques of the second class may be performed in real-time, but typically do
not offer a sufficient amount of accuracy.

In prior art methods a trade-off needs to be made between spatial resolution and temporal
resolution. Moreover, the described prior art methods are not suitable for use in real-time

applications where a position of a 3D object needs to be accurately determined.

An example of an application which requires a fast and accurate determination of the position of an
object is video tracking. In video tracking, one or more moving objects need to be located over
time using one or more cameras. Video tracking is a time consuming process due to the amount of
data that needs to be processed. The amount of required processing power may be further expanded
when video tracking is combined with object recognition techniques.

The objective of video tracking is to determine a position of a 3D object in consecutive video
trames. However, when the movement of the to be tracked object or objects cannot easily be
predicted, i.e. when the object changes direction and/or orientation over time, prior art tracking

methods are not capable of accurately determining the position of the object(s) in real-time.

Summary

The object of embodiments of the invention is to provide an image processing method for

determining a position of an object within a scene which allows for an accurate and fast
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determination of the position of the object. It is a further object of embodiment of the invention to
provide an image processing method which allows that the position of the object can be accurately

tracked in real-time.

According to a first aspect of the invention there is provided an image processing method for
determining a position of an object within a scene, wherein the scene is a predetermined region in
space, said region being defined between a bottom plane and an upper plane substantially parallel
to the bottom plane. The image processing method comprises the steps of:

- obtaining at least three contemporancous camera images of the object within the scene, wherein
the at least three camera images are associated with different predetermined camera locations and
orientations with regard to the scene;

- determining two-dimensional, 2D, image coordinates of the object for each one of the at least
three camera images;

- determining three-dimensional, 3D, scene coordinates of the object based on the determined 2D
image coordinates; and

- determining 2D scene coordinates of the object which are representative for the position of the

object within the scene, based on the determined 3D scene coordinates.

Embodiments of the invention are based infer alia on the insight that by determining 2D scene
coordinates of the object which are representative for the position of the object within the scene,
the position of the object can be determined faster as compared to prior art algorithms which track
the entire 3D reconstructed object. This is because less processing resources are required for
tracking relatively simple 2D scene coordinates as compared with tracking a relatively complex 3D
reconstruction. Moreover, since the 2D scene coordinates which are representative for the position
of the object within the scene are based on the determined 3D scene coordinates, the 2D position
can be accurately determined. By using at least three contemporaneous camera images of the object
within the scene and since each of the at least three camera images is associated with a different
respective predetermined camera location and orientation, the object is viewed from at least three
different perspectives which allows the object to be more accurately constructed as compared to
only one or two views of the object are available. Determining 2D image coordinates of the object
for only one or two camera images of the object may lead to certain aspects of the object getting
lost, or the shape at a particular side of the object not being determined accurately. In other words,
determining 3D scene coordinates of the object based the determined 2D 1mage coordinates on
only one or two camera images will be prone to errors and will be inaccurate. Therefore, the
accuracy of determining 3D scene coordinates of the object is vastly improved by determining 2D

image coordinates of the object for at least three contemporaneous camera images which are
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associated with three different predetermined camera locations and orientations with regard to the

scene.

According to an embodiment determining 2D image coordinates of the object comprises
determining 2D pixel coordinates for each pixel representing the object; and determining 3D scene
coordinates of the object comprises determining 3D voxel coordinates for each voxel representing

the object based on the determined 2D pixel coordinates.

By determining which pixels of the camera image represent the object and determining 2D pixel
coordinates thereof, the object can efficiently be distinguished from other things in the camera
image. such as a background. Likewise. by determining based on the 2D pixel coordinates 3D
voxel coordinates of the 3D voxels representing the object, the object can efficiently be

distinguished from a background within the scene in 3D.

According to an embodiment determining 3D voxel coordinates for each voxel representing the
object based on the determined 2D pixel coordinates comprises mapping the 2D pixel coordinates

to 3D voxel coordinates.

This way processing resources can be efficiently allocated to the mapping of only the 2D pixels
coordinates which are known to represent the object in stead of mapping all 2D pixel coordinates
of each camera image regardless of the corresponding 2D pixel representing the object or not. By
doing this, the image processing method can be executed more quickly as compared to prior art

methods.

According to an embodiment, mapping the 2D pixel coordinates to 3D voxel coordinates
comprises: determining for each pixel representing the object in a first camera image a set of
candidate voxels within the scene which correspond with said respective pixel; and selecting from
said set of candidate voxels a voxel representing the object, based on sets of candidate voxels
corresponding to pixels representing the object in at least one camera image other than said first

camera image.

This way it can be determined that a particalar voxel represents the object when said particular
voxel is a candidate voxel representing the object according to at least one pixel of each camera
image of the at least three contemporaneous camera images. When a voxel is a candidate voxel to
represent the object according to pixels from only one or two video images of the at least three

video images, it can be considered that that particular voxel does not represent the object.
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According to an embodiment determining the set of candidate voxels for said respective pixel
comprises determining a pixel projection line from said respective pixel to the scene and
determining that a voxel is a candidate voxel when said voxel is situated substantially along said

pixel projection line.

Each of the pixels in the camera image can be seen to correspond with a line of sight towards the
scene. This line of sight may be represented by a pixel projection line from said camera position,
more in particular from a particular pixel coordinate within a camera image, towards the scene.
More in particular, each of the 2D pixel coordinates representing the object can be seen to
correspond with a line of sight or pixel projection line towards the object, the line of sight
originating from the respective camera location. The set of candidate voxels within the scene
which correspond with a particular pixel representing the object can be chosen along the
corresponding line of sight or pixel projection line for that particular pixel. Furthermore, it can be
determined that a particular voxel represents the object when said particular voxel is situated on or
substantially along a pixel projection line originating from at least one pixel of each camera image
of the at least three contemporaneous camera images. On the contrary, when a voxel is sitvated on
or substantially along a pixel projection line originating from pixels of only one or two video
images of the at least three video images, it can be considered that that particular voxel does not
represent the object. Depending on a specific situation or condition wherein the image processing
method according to the invention may be used, a desired accuracy may vary. Depending on the
desired accuracy, error margins may be defined for determining whether a voxel is situated on or
substantially along a pixel projection line. For example, an error margin may be defined to
correspond with the dimensions of a voxel, two voxels, half a voxel, a quarter of a voxel etc, It is
clear to the skilled person that any other error margins may be taken into account, depending on

case specific conditions.

According to an embodiment determining 3D voxel coordinates for each voxel representing the
object based on the determined 2D pixel coordinates comprises dividing the scene into a voxel grid
comprising a plurality of voxels, and determining for each voxel of the plurality of voxels whether

said voxel represents the object based on the determined 2D pixel coordinates.

This way, 3D voxel coordinates can be determined quickly since the voxels that need to be
evaluated in order to find out whether they represent the object or not, have a predetermined shape
and a predetermined location within the voxel grid. In other words, for each voxel the 3D

coordinates within the scene are known, and it only has to be determined which of the known 3D
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coordinates correspond with voxels representing the object, which requires less computational
resources as compared (o determining a voxel size, shape and location during the step of

determining whether a voxel represents the object.

According to an embodiment determining for each voxel of the plurality of voxels whether said
voxel represents the object based on the determined 2D pixel coordinates comprises mapping
corresponding 3D voxel coordinates of said voxel to mapped 2D image coordinates for each one of
the at least three camera images, and determining whether said mapped 2D image coordinates

correspond with 2D pixel coordinates representing the object.

This way processing resources can be efficiently allocated by determining that 3D voxel
coordinates do not represent the object when mapped 2D image coordinates of those 3D voxel
coordinates do not correspond with 2D pixel coordinates representing the object in one of the at
least three obtained camera images. By allocating or assigning resources this way, and by avoiding
mapping of 3D voxels coordinates to 2D image coordinates of the other camera images when it is
already determined that the 3D voxel coordinates do not correspond with a voxel representing the
object, the described image processing method is faster as compared to prior art methods by using

processing resources in a more efficient way.

According to an embodiment the image processing method further comprises dividing the scene in
a plurality of subspaces, wherein each subspace of the plurality of subspaces is comprised between
a bottom subplane and an upper subplane, which subplanes are substantially parallel with the
bottom plane and the upper plane, and wherein determining 3D voxel coordinates for each voxel
representing the object based on the determined 2D pixel coordinates is executed consecutively for
each subspace of the plurality of subspaces. In an alternative embodiment, determining 3D voxel
coordinates for each voxel representing the object based on the determined 2D pixel coordinates is

executed in parallel for each subspace of the plurality of subspaces.

This way, the distance between a bottom subplane and an upper subplane may be determined based
on knowledge or assumptions about the object, e.g. regarding the dimensions of the object. Each
subspace of the plurality of subspaces may be chosen to comprise an equal volume or alternatively
the volumes of different subspace may vary. The order of the subspaces for which the step of
determining 3D voxel coordinates is performed may also be determined based on knowledge or
assumptions about the object. In an exemplary embodiment the step of determining 3D voxel
coordinates may first be performed for a lower subspace closest to the bottom plane of the scene,

and subsequently for a higher subspace located above the lower subspace. Alternatively, the step of
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determining 3D voxel coordinates may first be performed for a middle subspace between a lower
subspace and a higher subspace. This may for example be beneficial when it is suspected, e.g.
based on prior knowledge or assumptions on the shape of the object, that there are more voxels
representing the object within the middle subspace as compared to the lower subspace or the higher
subspace. It is clear to the skilled person that in stead of dividing the scene in a plurality of
subspaces, the processing method may comprise dividing a part of the scene in a plurality of
subspaces. For example, a particalar part of the scene may be determined to be more relevant to
reconstruct or track a particular object based on knowledge or assumption regarding shape and/or
dimensions of the object. Consequently such particular part of the scene can be divided ina
plurality of subspaces to enhance efficiency as compared to dividing the entire scene in a plurality

of subspaces.

According to an embodiment determining 2D scene coordinates of the object which are
representative for the position of the object within the scene comprises projecting the determined

3D scene coordinates onto the bottom plane.

This way an accurate 2D position of the object can be obtained based on the determined 3D scene
coordinates, especially when the object is located or positioned on the bottom plane. Moreover, by
projecting the determined 3D scene coordinates on the bottom plane the 2D position of the object
that is acquired this way allows for an efficient and accurate way of tracking the object within the
scene.

In an alternative embodiment, the determined 3D scene coordinates may be projected on a
projection plane which is substantially parallel to the bottom plane, but which is located above or
below the bottom plane, when the object is located or positioned above or below the bottom plane,

respectively.

According to an embodiment determining 2D scene coordinates of the object which are
representative for the position of the object within the scene comprises determining a center of the

projected determined 3D scene coordinates.

This way eventual required tracking resources may further be limited by narrowing down the size
of the information or coordinates being representative for the position of the object. Determining a
center of the projected determined 3D scene coordinates may comprise determining a smaller
surface within boundaries of the projected determined 3D scene coordinates which is located
substantially in the middle of the projected determined 3D scene coordinates. Alternatively,

determining a center of the projected determined 3D scene coordinates may comprise determining
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a one-dimensional (1D) point within boundaries of the projected determined 3D scene coordinates,
which 1D point is located substantially in the middle of the projected determined 3D scene

coordinates.

According to an embodiment, the image processing method further comprises the steps of:

- dividing the scene or a part thereof in at least a first subspace and a second subspace, wherein the
first subspace is comprised between a first bottom subplane and a first upper subplane, and wherein
the second subspace is comprised between a second bottom subplane and a second upper subplane,
which subplanes are substantially parallel with the bottom plane and the upper plane;

- determining for each of the at least first subspace and second subspace, whether determined 3D
scene coordinates are present in the respective subspace; and

- determining 2D scene coordinates of the object which are representative for the position of the
object within the scene if determined 3D scene coordinates are present in each subspace of the at

least first subspace and second subspace.

This way a noise cancelling step is built into the image processing method. When the object is
expected or suspected to be present in at least the first subspace and the second subspace, it can be
determined that when 3D scene coordinates allegedly representing the object are only present in
the first subspace or in the second subspace, the 3D scene coordinates actually represent noise,
background or something else, but not the object. Depending on the expected or estimated nature,
size and/or shape of the object, more specific decisions can be made in determining the at least first
and second subspace. In other words, the image processing method can be adapted or fine-tuned in
respect of a variety of objects of which the position is to be determined or which objects are to be
tracked.

It is clear to the skilled person that in stead of dividing the scene in a plurality of subspaces, the
processing method may comprise dividing a part of the scene in a plurality of subspaces. In other
words, at least a first and second subspace are determined within the scene, wherein the at least
first and second subspace may or may not constitute the entire scene. For example, a particular part
of the scene may be determined to be more relevant to reconstruct or track a particular object based
on prior knowledge or assumptions regarding shape and/or dimensions of the object. Such prior
knowledge or assumptions regarding the object may for example be acquired based on a machine
learning method, more in particular a deep learning method. Consequently such particular part of
the scene can be divided in a plurality of subspaces to enhance efficiency as compared to dividing
the entire scene in a plurality of subspaces. Moreover, it is clear to the skilled person that the at

feast first and second subspace may or may not be mutually adjacent subspaces.
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The skilled person understands that when a higher amount of subspaces is determined, the method
may comprise determining 2D scene coordinates of the object which are representative for the
position of the object within the scene if determined 3D scene coordinates are present in at least
60%, preferably at least 70%, more preferably at least 80% and most preferably at least 90% of the
determined subspaces. For example, when 10 subspaces are determined, determining 2D scene
coordinates of the object which are representative for the position of the object within the scene
may be done when the determined 3D scene coordinates are present in at least 6,7, 8 or 9

subspaces, respectively.

According to an embodiment the first bottom sabplane coincides with the bottom plane and the

first upper subplane coincides with the second bottom subplane.

This may be particularly beneficial to determine 2D scene coordinates of an object which is located
or expected to be located on the bottom plane, and/or which extends or is expected to extend,
perpendicalarty from the bottom plane, at least until into the second subspace.

1t is however clear to the skilled person that the at least first and second subspace do not need to be

adjacent spaces.

According to an embodiment each predetermined camera location and orientation corresponds with
a predetermined position and orientation with respect to a scene based coordinate system,

respectively.

This way, when the position and orientation of each of the cameras is known with respect to the
scene, a mapping between 2D image coordinates and 3D scene coordinates may also be
predetermined and a correspondence between 2D image coordinates and 3D scene coordinates may

for example be stored in a look-up table.

According to an embodiment obtaining each one of the at least three contemporaneous camera

images of the object within the scene is performed by at least three corresponding cameras.

This way, the at least three corresponding cameras can be set-up in correspondence with each other
and synchronized with each other to provide camera images. It is preferred that the at least three
cameras are fixed cameras in order to prevent motion artefacts in comparison as to the use of one

or multiple moving cameras.
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According to an embodiment, the image processing method further comprises a step of calibrating
the at least three cameras, prior to obtaining the at least three contemporaneous camera images of

the object within the scene.

This way correspondence can be created between locations within the scene, more in particular 3D
scene coordinates within the scene, and locations within the camera images, more in particular 2D
image coordinates within the camera images. This correspondence can then be used later on for 3D

scene coordinates of the object based on determined 2D image coordinates of the camera image.

According to a preferred embodiment, calibrating the at least three cameras comprises minimizing

a reprojection error of the cameras.

This way, by minimizing the reprojection error, a more accurate correspondence between locations
within the scene, more in particular 3D scene coordinates within the scene, and locations within the
carnera images, more in particular 2D image coordinates within the camera images can be
determined. It is clear for the skilled person that other known ways of calibrating the at least three

cameras or improving a calibration of the at least three cameras may be used.

According to an embodiment determining 2D image coordinates of the object for each one of the at
least three camera images comprises determining which pixels represent the object in each one of

the at least three camera images.

This way, computational resources may be allocated efficiently by only assigning the resources to
map 2D image coordinates which correspond to pixels representing the object, in stead of mapping
all 2D image coordinates, irrespective of whether they correspond to pixels representing the object

Oor not.

According to an embodiment determining which pixels represent the object in each one of the at
least three camera images comprises performing an image segmentation method, e.g. a background

subtraction, for each one of the at least three camera images.

This way it can be efficiently determined which pixels represent the object since only pixels
representing the object will remain in the camera image after an image segimentation has been
carried out. An exemplary method for performing an image segmentation is background
subtraction. The skilled person is aware of different ways of performing an image segmentation

and/or a background subtraction.
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According to an embodiment determining which pixels represent the object in each one of the at
least three camera images comprises at least one of noise filtering and shadow filtering based on a

predetermined threshold.

This way the accuracy of the image processing method can be improved. By performing noise
filtering and/or shadow filtering in an early stage, i.e. while determining which pixels of the
camera images represent the object, these filtering techniques can be applied in 2D images, which
requires less computational resources as compared to performing these or similar filtering

techniques within a 3D scene or voxel space.

According to an embodiment determining which pixels represent the object in each one of the at
least three camera images comprises a blob classification based on an estimated shape of the

object.

This way, knowledge or assumptions on the shape, nature and/or size of the object can be used
either to filter out further noise or to more quickly determine which pixels represent the object and

which pixels do not.

According to a second aspect of the invention, there is provided an image processing method for
tracking a moving object within a scene, which comprises performing any one of the above
described image processing method for determining a position of the object at consecutive

moments in time.

This way, the position of a moving object can be accurately tracked over time, in real-time.

According to an embodiment the at least three camera images constitute at least three video frames

of at least three corresponding video feeds.

This way, the position of the object can be accurately determined over time by using at least three

synchronized video cameras.

According to an embodiment the object is a human and the first subspace is between 0 cm and 120
cm, preferably between 0 cm and 100 cm, and more preferably between O cm and 75 cmy; and
wherein the second subspace is between 75 cm and 200 cm, preferably between 95 cm and 185 cm,

and more preferably between 115 cm and 170 cm.
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This way, an extra safety is built into the image processing method which reduces the risk of
erroneous determination of position of the human.

It is clear to the skilled person that additional subspaces may be determined within the scene to
even more accurately determine the position of the human or track the human. Depending on the
actual camera setup and/or the dimensions of the scene and/or particular contextual information
regarding the human and/or the scene, the amount, shape and/or dimensions of the subspaces

within the scene may be determined or adjusted.

The skilled person will understand that the hereinabove described technical considerations,
functionalities and advantages for method embodiments also apply to the below described

corresponding system embodiments, mutatis mutandis.

According to a second aspect of the invention there is provided an image processing system for
determining a position of an object within a scene, wherein the scene is a predetermined region in
space, said region being defined between a bottom plane and an upper plane substantially parallel
to the bottom plane. The image processing system comprises:

- an obtaining unit for obtaining at least three contemporaneous camera images of the object within
the scene, wherein the at least three camera images are associated with different predetermined
camera locations and orientations with regard to the scene;

- a first determining vnit for determining two-dimensional, 2D, image coordinates of the object for
each one of the at least three camera images;

- a second determining unit for determining three-dimensional, 3D, scene coordinates of the object
based on the determined 2D image coordinates; and

- a third determining unit for determining 2D scene coordinates of the object which are
representative for the position of the object within the scene, based on the determined 3D scene

coordinates.

According to a further aspect of the invention, there is provided a computer program comprising
computer-executable instructions to perform the method, when the program is run on a computer,

according to any one of the steps of any one of the embodiments disclosed above.

According to a further aspect of the invention, there is provided a computer device or other
hardware device programmed to perform one or more steps of any one of the embodiments of the

method disclosed above.
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According to another aspect there is provided a data storage device encoding a program in
machine-readable and machine-executable form to perform one or more steps of any one of the

embodiments of the method disclosed above.

Brief description of the ficures

The accompanying drawings are used to illustrale presently preferred non-limiting exemplary
embodiments of devices of the present invention. The above and other advantages of the featares
and objects of the invention will become more apparent and the invention will be better understood
from the following detailed description when read in conjunction with the accompanying drawings,
in which:

Figure 1 is a flowchart which illustrates an exemplary embodiment of an image processing method
according to the invention:

Figure 2 schematically illustrates an object within a scene and an exemplary set-up to perform
exemplary embodiment of the image processing method according to the invention;

Figure 3 illustrates a step of an exemplary embodiment of the image processing method according
to the invention;

Figures 4A and 4B schematically illustrate exemplary scenarios in which an embodiment of the
image processing method according to the invention may be applied; and

Figure 5 schematically illustrates an exemplary embodiment of an image processing system

according to the invention.

Description of embodiments

Figure 1 illustrates the steps 110, 120, 130 and 140 of an exemplary embodiment of an image
processing method 100 for determining a position of an object 250 within a scene 260. The image
processing method 100 and corresponding steps 110, 120, 130, 140 thercof will be further

elaborated below with respect to Figure 2.

The scene 260 is a predetermined region in space, which is defined between a bottom plane 261
and an upper plane 262 being substantially parallel to the bottom plane 261. In the embodiment of
Figare 2, the scene 260 is comprised between a rectangular bottom plane 261 and a rectangular
upper plane 262 which is parallel to the bottom plane 261. The scene 260 may be further defined to
be bounded by the faces of an imaginary cuboid of which the upper face corresponds with the
upper plane 262, the bottom face corresponds with the bottom plane 261 and the side face are
defined perpendicularly between the bottom plane 261 and upper plane 262 as illustrated by the
dotted lines in Figure 2. It is clear to the skilled person that the application of embodiments of the

image processing method 100 is not limited to situations in which the scene 260 is either defined
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between two substantially parallel planes 261, 262 or bounded by a rectangular cuboid, but that the
scene 260 merely represents a predetermined region in space which can have various shapes,
dimensions and/or sizes. Moreover, the skilled person understands that the image processing
method 100 according to the invention is applicable in a similar way when the bottom surface 261
is not a plane surface 261 as illustrated in Figure 2, e.g. when the bottom surface 261 is a curved,
toothed or serrated surface or a surface with any other shape. A similar reasoning applies to the

upper sarface 261 mutatis mutandis.

Image processing method 100 comprises step 110 of obtaining at least three contemporaneous
camera images 211, 212, 213 of the object 250 within the scene 260. The at least three camera
images 211, 212, 213 are associated with different predetermined camera locations and orientations
with regard to the scene 260. Preferably, the at least three contemporaneous camera images 211,
212 and 213 of the object 250 within the scene 260 are generated by corresponding cameras 201,
202 and 203, respectively. For the sake of simplicity, the object 250 in Figure 2 is illustrated as a
cube 250 which is located within the scene 260, and more in particular on the bottom plane 261.
However, image processing method 100 can be applied to different objects with any shape and/or
size. Moreover, the object 250 does not have to be located on the bottom plane 261 in order for the
image processing method 100 to be applied. The object 250 may just as well be located on a
different plane, being either a real plane or an imaginary plane, which is positioned somewhere
above the bottom surface 261, Furthermore, although only one object 250 is illustrated in Figure 2,
the image processing method may be simultaneously applied to a plurality of objects 250 within
the scene 260 in order to determine the positions of the respective objects within the scene 260. In
Figure 2 three cameras 201, 202, 203 are shown at their corresponding locations which are
considered to be known with respect of the scene 260. Along with the location of each camera 201,
202 and 203, also the orientation of each camera 201, 202, and 203 is considered to be known. If
these are not known, it is preferred to include a step of calibrating the cameras 201, 202 and 203 in
order to obtain or estimate the intrinsic and extrinsic parameters of each camera 201, 202 and 203,
Both intrinsic and extrinsic parameters can be determined or estimated in order to create an
accurate mapping between the 2D image coordinates Xx;, y; within a caisera obtained image 211,
212, 213 and the 3D scene coordinates X, Y, Z, within the scene 260. Intrinsic parameters of the
cameras 201, 202, 203 may comprise focal length, principal points, distortion coefficients, etc. and
extrinsic parameters of the cameras 201, 202, 203 may comprise translation and rotation
parameters. The skilled person is aware of a variety of calibration techniques that might be applied
in order to perform the calibration. The cameras 201, 202 and 203 are illustrated in Figure 2 as
being positioned at different locations outside of the scene 260. However, cameras may also be

positioned within the scene or alternatively some cameras might be positioned within the scene and
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other cameras may be positioned outside of the scene. Although only drawn schematically, the
cameras 201, 202 and 203 may be positioned at different heights, as can be seen from the
corresponding camera images 211, 212 and 213, respectively. Image 211 illustrates the object 250
as viewed by camera 201. From the perspective of camera 201, the cube 250 can be seen as an
irregular hexagon 211a. Therefrom, it can be understood that the camera 201 is positioned at a
height that it is slightly higher than the highest point or plane of the cube 250 and that the camera
201 views the cube at a small angle from above. Image 212 illustrates the object 250 as viewed by
camera 202. From the perspective of camera 202, the cube 250 can be seen as another irregular
hexagon 212a which is different from the irregular hexagon of image 211. From the hexagon in
image 212 it can be understood that the camera position of camera 202 is translated in the X
direction as compared to the camera position of camera 201, that the camera position of camera
202 is higher as comparted to the camera position of camera 201 (i.e. translated in the Z, direction),
and that the camera is rotated as compared to camera 201 and thus that its orientation is different.
Image 213 illustrates the object 250 as viewed by camera 203. From the perspective of camera 203,
the cube 250 can be seen as a square 213a. Therefrom, it can be understood that the camera 203 is
positioned and oriented centrally opposite to one of the planes of the cube 250. From Figure 2 it
can be seen that camera 203 views one of the side planes of the square 250 and that the camera is

positioned at a lower height as compared to cameras 201 and 202.

In Figure 2, the coordinate axes x;, y; as shown in image 211 represent an exemplary origin of the
2D image coordinates. The 2D image coordinates can be used to represent for each image 211, 212
and 213 (only shown for image 211) the position of a pixel within the respective image. Moreover,
2D image coordinates correspond to pixel coordinates within an image can be used to uniquely
describe the position of a certain pixel within the respective image. In other words, there is & one to
one correspondence between the pixels of an image and the 2D image coordinates. 1t is clear to the
skilled person that the choice of the position of the origin regarding the 2D image coordinates for a
certain camera image is an arbitrary choice.

The coordinate axes X, Y., Z; as shown on edges of the scene 260 represent an exemplary origin
of the 3D scene coordinates. The 3D scene coordinates can be used to represent a location and/or a
voxel location within the scene. The 3D scene coordinates may also be used to represent a location
outside of the scene, for example to express the corresponding locations of cameras 201, 202 and

203 with respect to the scene.

Although only three cameras are shown in Figure 2 for obtaining three contemporaneous camera

images 211, 212, 213, it is clear to the skilled person that according to the image processing
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method 100 any higher amount of cameras may be used to obtain more than three

conlemporaneous camera images, for which steps 120, 130 and 140 can be performed.

Image processing method 100 further comprises step 120 of determining 2D image coordinates of
the object 250 for each one of the at least three camera images 211, 212, 213. In view of the above,
step 120 comprises determining which pixels in the camera image 211, 212, 213 are pixels that
represent the object 250 and determining the 2D image coordinates of the pixels that represent the
object 250. In Figure 2, for the sake of simplicity a situation is shown wherein the scene only
comprises one object 250 and wherein there is nothing else comprised within the scene. There is
not shown any background within the scene, and the images 211, 212, 213 do not contain any
noise. However, taking into account more realistic circumstances it may be less straightforward to
determine which pixels in the camera image 211, 212, 213 actually correspond to the object, and
which pixels do not. Preferably, a background subtraction or other image segmentation is
performed for each obtained camera image 211, 212, 213 in order to identify the pixels
corresponding to the object 250 and distinguishing within the camera image 211, 212, 213 the
pixels corresponding to the object 250 from pixels corresponding to a background within the scene
260. The skilled person is aware of a variety of techniques that can be applied to perform a
background subtraction. Alternative to or in addition to background subtraction or image
segmentation further step may be taken to filter out the pixels corresponding to the image such as
noise filtering and/or shadow filtering. Such filtering steps may be based on one or multiple
predetermined threshold values which can be determined for any specific case. The used threshold
or thresholds may for example depend on the type of object, the nature of the scene, positioning of
the cameras, resolution of the cameras, etc. In situations wherein information on the shape of an
object is available or might be estimated, a further step of performing a blob classification may be
executed in order to quickly and accurately determine which pixels within the image 211, 212, 213
represent the object, or objects in cases where the location of multiple objects is to be determined.
When multiple objects with different shapes are to be identified within a camera image, multiple

blob classifications can be performed.

The result of step 120 is that for each of the camera images 211, 212, 213 it is determined on the
one hand which pixels represent the object 250 within the respective camera image, and on the
other hand for each pixel representing the object 250 within the respective image which 2D image
coordinates correspond to the respective pixel. Image processing method 100 further comprises
step 130 of determining 3D scene coordinates of the object based on the determined 2D image

coordinates.
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In an exemplary embodiment of the image processing method 100, step 130 comprises mapping
the 2D image coordinates, also referred to as 2D pixel coordinates, to 3D scene coordinates, also
referred to as 3D voxel coordinates. In an alternative embodiment, step 130 comprises a mapping
in the opposite direction, i.e. mapping 3D scene coordinates to 2D image coordinates in order to
determine which 3D scene coordinates correspond to the object 250 and which 3D scene

coordinates do not. Both embodiments will be further described below.

In the exemplary embodiment wherein step 130 comprises mapping 2D image coordinates to 3D
scene coordinates, for each pixel representing the object 250 in a camera image a set of candidate
3D scene coordinates or voxels is determined. This may be done by projecting the respective pixel
back to the scene 260, taking into account the intrinsic and extrinsic camera parameters. Such a
back projection will result in a “line” of 3D scene coordinates which potentially correspond to the
respective pixel. This principle is illustrated in Figure 3 and will be further elaborated below.
Preferably, such determination of which set of 3D scene coordinates correspond to a certain pixel
within a camera image, irrespective of the presence of an object within the scene, is performed
during a step of calibrating the cameras 201, 202, 203 before the camera images 211, 212, 213 are
obtained. The correspondence between the 2D image coordinates and 3D scene coordinates that is
obtained this way, may then be stored, e.g. in a look-up table, and be used later on during the
image processing method to safe time. Since the obtained camera images are 2D images which do
not contain depth information, it can be understood that each pixel in a camera image may
correspond to multiple 3D scene coordinates, which are located substantially along a hypothetical
line and are located at different distances from the camera along that hypothetical line. In other
words, one camera image does not allow to accurately determine where an observed object 250 or
observed part of an object is located within the scene 260 based on the 2D image coordinates of the
respective camera image. However, by determining for each pixel representing the object a set of
candidate 3D scene coordinates and by doing this for each of the obtained camera images of the
object 250 within the scene 260, these sets of candidate 3D scene coordinates or these pixel
projection lines may be combined in order to determine a probability that a certain 3D scene
coordinate actually corresponds to the object 250. Pixel projection lines from different camera
images, but relating to a same point or area of the object will intersect in a certain voxel or 3D
scene coordinate. The meaning of this intersection point is that the particolar point is viewed by
two different cameras from two different locations, and therefore the probability of the 3D scene
coordinates of that point representing the object is raised. From this, it can be understood that if
more pixel projection lines, corresponding to a same point or area of the object and originating
from different cameras, intersect within a particular 3D voxel or at particalar 3D scene coordinates,

the likelihood of that particular 3D voxel corresponding to the object rises. Depending on the
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specifics of the case and on the amount of cameras used to observe an object within a scene, a
probability threshold may be set such that it is determined that an 3D voxel coordinate represents
the object, when the amount of intersections in that 3D voxel is higher than the probability
threshold.

By only taking into account pixels that represent the object when determining the sets of candidate
voxels, computational resources may be efficiently allocated and step 130 of image processing
method 100 may be performed faster as compared to prior art methods which take into account all

pixels of all obtained camera images.

As previously stated, according to an alternative embodiment step 130 comprises a mapping from
the 3D scene coordinates to the 2D image coordinates in order to determine 3D voxel coordinates
for each voxel representing the object 250 based on the determined 2D pixel coordinates. This
embodiment preferably comprises a step of dividing the scene 260 into a voxel grid. In other
words, the predefined region in space which is determined by the scene 260 is filled with voxels.
Preferably the scene is completely and homogenously divided or filled, such that all voxels have
the same dimensions and that the voxels are arranged in a grid such that each 3D scene coordinate
corresponds with a voxel. Depending on the size and shape of the voxels. multiple 3D scene
coordinates may correspond with one voxel. 1t is clear to the skilled person that the size and/or
shape of the voxels can be determined based on the specifics of the case and on the required
accuracy. When the voxel grid is established, it can be determined for each voxel within the voxel
grid whether that voxel corresponds with the object or not, by mapping its 3D scene coordinates to
all corresponding 2D image coordinates of all relevant cameras, i.e. the cameras which have pixels
that correspond with the particular voxel. If all corresponding mapped 2D image coordinates
correspond with 2D pixel coordinates representing the object, it may be determined that the
particular voxel represents the object. Moreover, it be may determined that the particular voxel
does not represent the object when at least mapped 2D image coordinates of one camera image do
not correspond to 2D pixel coordinates representing the image. Alternatively, a first probability
threshold may be set, such that it can be determined that a particular voxel represents the object
when the amount of cameras for which the mapped 2D image coordinates correspond to 2D pixel
coordinates representing the object is higher then the first probability threshold. In addition, or
alternatively, a second probability threshold may be set, such that it can be determined that a
particular voxel does not represent the object when the amount of cameras for which the mapped
2D image coordinates do not correspond to 2D pixel coordinates representing the object is higher
then the second probability threshold.

The steps of the above described approach may be executed for each voxel in the voxel grid

sabsequently or simultaneously if the computational resources are sufficient. If the steps are
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executed subsequently, a preferred order of going through the voxel grid may be determined based

on an expected shape or position of the object, the amount or dimensions of the voxels, etc.

In Figure 3, the above described principles are illustrated in view of an elementary example. Figure
3 iflustrates eight voxels from a scene 360, from which voxels voxel 350 is a voxel representing the
object. Also, four pixels from a first camera image 311 and four pixels from a second camera 313
image are illustrated, from which shaded pixels 311a and 313a are pixels representing the object.
For illustrative purposes, and for the sake of simplicity, only eight voxels of the scene 360 are
shown with one of those voxels representing the object, likewise only two camera images 311, 313
are shown, each comprising four pixels, more in particolar one pixel 311a, 313a representing the
object, and three pixels not representing the object. No cameras are shown in Figure 3, although it
is clear to the skilled person that the camera images 311, 313 may have been taken with cameras of
which the position and orientation with respect to the scene 3060 is similar, mutatis mutandis, to the
position and orientation of cameras 201 and 203 with respect to the scene 260 as illustrated in
Figare 2. As described above, each pixel in a camera image 311, 313 may correspond to multiple
voxels within the scene, which are located substantially along a hypothetical line 311b and 313b
respectively, and are located at different distances from the camera along that hypothetical line.
One camera image does not allow to accurately determine where an observed object 250 or
observed part of an object 350 is located within the scene 360 based on the 2D image coordinates
of the respective camera image 311, 313. However, by determining for each pixel representing the
object 311a and 313a a set of candidate 3D scene coordinates or voxels, and by doing this for each
of the obtained camera images 311, 313 of the object 350 within the scene 360, the resulting sets of
candidate 3D scene coordinates or these pixel projection lines may be combined in order to
determine a probability that a certain 3D scene coordinate or voxel actually corresponds to the
object 350. Lines 311b and 313b illustrate pixel projection lines from different camera images 311
and 313, which relate to a same point or area of the object 350. For each of the pixels 311a and
313a two candidate voxels are determined, which are indicated by means of a similar shading as
corresponding to the shading of the respective pixels. The pixel lines intersect voxel 350, which is
indicated by the double shading, corresponding with both pixel 31 1a and pixel 313a. The meaning
of this intersection point or intersection voxel is that it is viewed by two different cameras from
two different locations, and therefore the probability of the voxel or 3D scene coordinates of that

point representing the object is raised.

Alternatively or in addition, the scene 360 in Figure 3 may be viewed as being divided into a voxel
grid comprising eight voxels. In other words, the predefined region in space which is determined

by the scene 260 is filled with voxels. For each of the eight voxels it can be determined for each
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voxel within the voxel grid whether that voxel corresponds with the object or not. This can be done
by mapping the 3D scene coordinates of such a voxel to all corresponding 2D image coordinates of
all relevant cameras, in this case to the 2D image coordinates represented by the images 311 and
313. This mapping then occurs in the opposite direction of the arrows indicated on the projection
lines 311b and 313b. Voxel 350 is the only voxel for which each of the mapped 2D image
coordinates 311a and 313a correspond with 2D pixel coordinates representing the object, therefore

it can be determined that voxel 350 represents the object.

The result of step 130 of Figure 1 is that the 3D scene coordinates or 3D voxel coordinates which
represent the object are determined. In other words, the object 250 may be represented by a
plurality of voxels, i.e. a voxel cloud, within the scene 260 of Figure 2. Such voxel clouds,
however, may present a significant burden on computational resources and/or storage resources for
purposes such as determining a location or position of a voxel cloud, tracking a voxel cloud or
storing a voxel cloud. To lower this burden, image processing method 100 further comprises step
140 of determining 2D scene coordinates of the object 250 which are representative for the
position of the object 250 within the scene, based on the determined 3D scene coordinates.
Because the 3D scene coordinates of the object are available in the form of voxel clouds, the 3D
scene coordinates may be transformed to generate 2D scene coordinates which represent any other
view of the object in 2D. For example, when the position and orientation with respect to the scene
of a camera is known, the generated camera image of that camera may be reconstracted based on
the 3D scene coordinates by performing a coordinate transfer. Likewise, also so-called virtual
camera images may be reconstructed, i.e. camera images that would have been taken from a
different location within or outside the scene. This way, 2D scene coordinates of the object which
are representative for the position of the object within the scene can be determined by performing a
mapping, projection or transformation to another coordinate system. For example, if an object is
expected or estimated to be located somewhere on the bottom surface of the scene, e.g. the cube
250 in scene 260, the determined 3D scene coordinates can be projected onto the bottom surface, in
this case more particular the bottom plane, of the scene 260. In other words, a coordinate transfer is
performed from the 3D scene coordinates X, Y, Z, to 2D scene coordinates X,, Y, by projecting
the 3D scene coordinates along the direction of the Z; axis onto the bottom plane. Depending on a
particular shape of the object and/or expected location of the object and/or a particular dimensions
and/or shape of the scene and/or bottom plane it might be preferred to project along a different axis
and/or onto a different plane. The 2D scene coordinates which are obtained this way take in less
storage space, require less computational resources to process and can be tracked faster as

compared to 3D volumes.



10

i5

25

35

WO 2018/222033 PCT/NL2018/050349
20

Preferably, the projected 3D scene coordinates may even be further simplified by determining a
centre of the projected determined 3D scene coordinates. This way eventual required tracking
resources may forther be limited by narrowing down the size of the information or coordinates
being representative for the position of the object. Determining a center of the projected

determined 3D scene coordinates may comprise determining a smaller surface within boundaries of
the projected determined 3D scene coordinates which is located substantially in the middle of the
projected determined 3D scene coordinates. Alternatively, determining a center of the projected
determined 3D scene coordinates may comprise determining a 1D point within boundaries of the
projected determined 3D scene coordinates, which 1D point is located substantially in the middle

of the projected determined 3D scene coordinates.

Image processing method 100 may further comprise a step of determining within the scene at least
a first subspace and a second subspace. For example the scene 260 in the shape of a rectangular
cuboid may be divided in a first subspace and a second subspace with equal volume, both in the
shape of a rectangular cuboid and being half of the rectangalar cuboid 260. The first subspace is
then comprised between a first bottom subplane, which in the given example coincides with the
bottom plane 261, and a first upper subplane, which in the given example would be a plane parallel
to planes 261 and 262 at an equal distance of both bottom plane 261 and upper plane 262.The
second subspace may then be comprised between a second bottom subplane, which in the given
example coincides with the earlier described first upper subplane, and a second upper subplane,
which in the given example coincides with the upper plane 262. After the scene has been divided
this way, it can be determined for each of the first subspace and second subspace, whether
determined 3D scene coordinates are present in the respective subspace. In other words, for each
subspace it may be checked whether the determined 3D scene coordinates or voxels representing
the object are present in the respective subspace. This might be beneficial if the object is expected
to have a certain height and/or orientation, such that it should be present in both subspaces. If in
sach a case, voxels allegedly representing the object are present in only one subspace, it may be
determined that those voxels actually do not represent the object, and consequently 2D scene
coordinates are not determined for those particular voxels. Depending on the expected or estimated
nature, size and/or shape of the object, more specific decisions can be made in determining the at
least first and second subspace. In a similar way, also more than two subspaces may be determined.
It is clear to the skilled person that when two or more subspaces are determined within the scene,
the collection of determined subspaces may correspond to the entire scene or alternatively may
only correspond to a part of the scene. It is further clear to the skilled person, that although in the
above example the at least first and second subspace are of equal volume, the at least first and

second subspace may alternatively have mutually different volumes. In other words, the image
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processing method 100 can be adapted or fine-tuned in respect of a variety of objects of which the
position is to be determined or which objects are to be tracked. In exemplary embodiments an
object may have different shapes at different moments in time, e.g. when the object is a human, the
human may be, depending on the timing, standing up, lying down, running, sitting down, walking,
jumping, etc. To take this into account the amount, shape and dimensions of determined subspaces
may vary in time. In order to adequately determine the most efficient amount and size of subspaces
a machine learning method, more in particular a deep learning method may be ased to learn the
nature of an object and to predict the particular shape and/or dimensions of the object at a
particular moment in time. The determined amount and/or sizes of subspaces may also be different
for each object when multiple objects are present within the scene.

To illustrate the versatility of embodiments of the image processing method according to the
invention, Figures 4A and 4B illustrate a scenario wherein the scene 460 comprises a region in
space which is defined by a football pitch as bottom surface 461. No upper surface of the scene is
illustrated in Figures 4A and 4B, but an upper surface may for example be chosen to be a plane
parallel to the football pitch at a distance of three meters or any other desirable height. In the
scenario of Figures 4A and 4B, multiple moving objects 450, 451, 452, 453, 454 are located within
the scene. More in particular the moving objects comprise multiple humans 450, 451, 452, 453,
e.g. football players, and a ball 454. Below will be described how embodiments of the image
processing method 100 may be used to determine a position for each football player 450, 451, 452,
453 on the football pitch 461 and/or to track the football players 450, 451, 452, 453 by determining

their position at consecutive moments in time.

In the scenario of Figures 4A and 4B, fourteen cameras 401-414 are placed at fixed predetermined
locations around the scene 460 which comprises the football pitch 461 and the space above the
football pitch 461, e.g. up to three meters high. By defining the scene this high, football players
450-453 will stay completely within the scene when either jumping up or gesticulating with their
arms up. In the embodiment of Figure 4A, the cameras 401-414 are arranged differently as
compared to the embodiment of Figure 4B. 1t is however clear to the skilled person that other
arrangements may be applied. During a football game typically twenty-two football players and at
least one referee are simultaneously on, or close to, the football pitch 461, however for illustrative
reasons only four football players 450, 451, 452, 453 are shown. In order to accurately determine
positions of the twenty-two football players in a scene with the dimensions of a football pitch 461,
and to accurately track the positions of these players over time, more than three cameras 401-414
are preferably used to view the scene 460. In the embodiments of Figures 4A and 4B fourteen
cameras 401-414 are used, however depending on the intrinsic parameters, the resolution of the

cameras, and/or the required accuracy more or less cameras may be used. It is further noted that in
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the examples of Figures 4A and 4B, any set of three or more cameras of the fourteen cameras 401-
414 may be used to perform step 100 of the allocation method of Figure 1. Preferably, the cameras
401-414 are set up in such a way that for every area of the football pitch 461 at least three cameras
are able to view that area. In other words, preferably every area on the football pitch 361 falls
within the field of view of at least three cameras, such that the method 100 as illustrated in Figure 1
can be performed for that particular area.

For reasons of accuracy, the cameras 401-414 may be set up in such a way that areas of the football
pitch which might get crowded, 1.e. a lot of football players flock together on a relatively small
area, fall within the field of view of more than three cameras. For example, the penalty area at the
teft side in Figure 4A may fall within the field of view of five cameras 401, 411, 412, 413 and 414,
and the penalty area at the left side in Figure 4B may fall within the field of view of five cameras
401, 402, 412, 413 and 414, such that during corner kick situations or free kicks at the edge of the
penalty area when a lot of players are present within the penalty area, the position of each

individual football player can be accurately determined.

According to an embodiment, in order to determine which pixels within the obtained camera
images are pixels representing the football players 450, 451, 452 and 453, preprocessing steps may
be performed on each of the obtained camera images. Typically the cameras 401-414 are
synchronized and deliver a RGB video feed, wherein each frame can be seen to constitute a camera
image. The resulting RGB camera images may not only comprise pixels representing the players
450, 451, 452 and 453 but may also comprise pixels representing part of the football pitch 461,
parts of advertisings boards (not shown) which are typically positioned around the football pitch
461, parts of the stadium (not shown) or even spectators (not shown) who are watching the football
game. To filter out the pixels which represent the football players 450, 451, 452, 453 a background
segmentation may be performed for each of the obtained camera images or video frames. This
results in a black and white (BW) images wherein the football players are represented in white,
whereas parts pertaining to the background are represented in black. In an embodiment, the
background subtraction may be based on images of the scene, taken by the respective cameras 401-
414 at an earlier moment in time. After performing the background subtraction a noise filtering
may be performed. The noise filtering step may be based on a suspected or estimated size of the
noise, wherein white pixels which are isolated within the camera image, or groups of white pixels
with a size smaller than a predetermined threshold size, are considered to be noise and are filtered
out of the camera image. In addition to, or alternative to, the noise filtering step a blob
classification is carried out. Blob classification comprises comparing the shape or shapes of groups
of pixels which represent the object, with predetermined shapes which correspond with the object

as viewed from the particular camera providing the camera images. This way it can be determined
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whether a group of pixels actually corresponds with an object, in this case a football player,

corresponds with two or more football players positioned near to each other, or with the ball 454.

When the 2D pixel coordinates of the pixels representing a football player have been determined,
based thereon the 3D scene coordinates or voxel coordinates may be determined. According to an
embodiment the scene 460, which is the football pitch 461 and a volume of space above it, is
divided in voxels. to form a voxel grid. In other words, the scene 460 is, preferably completely,
filled with voxels, which may be represented as cubes. The cubes may have various dimensions,
but in the scenario of Figures 4A and 4B, wherein the scene 460 is defined by means of the footbali
pitch 461 as its bottom surface, cubes with a length of Scm, width of S5cm and height of Scm
(5x5x5) are preferred. However, it is clear to the skilled person that cubes or any other shape of
voxels may be used which have other dimensions, depending on the particular application of the
image processing method according to the invention. For each of the 5x5x5 cubes within the scene
it can then be determined whether that particular cube corresponds with a football player or not, by
mapping the corresponding 3D voxel coordinates to the 2D pixel coordinates of the camera images
obtained by the camera of which the field of view comprises the region in space which corresponds
with that particular cube. If the particular cube is located close to the illustrated origin of the 3D
scene coordinates, i.e. close to the corner area of the football pitch at the low left side of Figures
4A and 4B, the corresponding area may fall within the field of view of cameras 401, 413 and 414
for Figure 4A and within the field of view of cameras 401, 402 and 414 for Figure 4B. The 3D
scene coordinates of that particular cube are then mapped to the 2D image coordinates of the
camera images taken by cameras 401, 413 and 414 and it is checked whether the mapped 3D scene
coordinates correspond with 2D pixel coordinates representing a football player or not. In a
preferred embodiment, when the mapped 3D scene coordinates do not correspond with 2D pixel
coordinates representing a football player in a camera image obtained by one of the cameras 401,
413 and 414, 1t is determined that the particular cube and its corresponding 3D scene coordinates
or voxel coordinates do not represent a football player. On the other hand, if the mapped 3D scene
coordinates correspond with 2D pixel coordinates representing a football player in a camera image
obtained by each one of the cameras 401, 413, 414, it is determined that the particular cube and its
corresponding 3D coordinates or voxel coordinates represent a football player. This process may
be repeated for every voxel or cube of the voxel grid in order to create one of more voxel clouds
within the 3D scene coordinate system which represent football players, and/or a ball and/or a

referee.

Based on the voxel coordinates representing the football players, typically each resulting voxel

cloud represents a football player, the corresponding positions of the football players 450, 451,
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452, 453 can be determined. In a preferred embodiment, the positions can be determined by
projecting the 3D scene coordinates to 2D scene coordinates, i.e. by projecting the voxel clouds
representing the football players to the bottom surface 461, This way each voxel cloud representing
a football player is transformed to a 2D area on the football pitch 461, which area is representative
for the position of the respective football player. In order to avoid projecting voxels which do not
represent a football player, an amount of voxels that is actually projected along a direction
perpendicular to the bottom surface 461 can be taken into account and the amount of projected
voxels may be compared with a threshold projection value. The threshold projection value can be
predetermined based on the dimensions of the voxels and an estimate of the dimensions of a
football player. For example, given the 5x5x5 voxels as described earlier, and an average estimated
height of 175cm of a football player, the projections threshold may be set to 30, meaning that at
least 30 voxels, representing a height of 150cm must at least be present along a projection direction
in order for the voxels to result in a valid projected 2D scene coordinate. It is however clear to the
skilled person, that depending on the applications of the image processing method according to the
invention other projection thresholds can be set.

According to a further preferred embodiment, two or more partial projection thresholds relating to
two or more subspace within the scene 460 can be applied. For example, the scene 460 may be
divided into a first subspace and a second subspace, the first subspace being separated from the
second subspace by a subplane which is substantially parallel to the bottom surface 361 at a height
of 75cm above the bottom surface 461. The second subspace may be further delimited by an apper
subplane which is substantially parallel to the bottom surface 461 at a height of 150cm above the
bottom surface 461. For the first subspace a first projection threshold may be set and for the second
subspace a second projection threshold may be set as described above. It may then be determined
that voxels are validly projected along a direction perpendicular to the bottom surface 461, when
along that direction the amount of voxels within the first subspace which are being projected is
higher than the first projection threshold and the amount of voxels within the second subspace
which are being projected is higher than the second projection threshold. This way, the erroneous
projection and an erroneous position determination of voxels which do not represent the football
players is avoided. To even further improve accuracy, additional subspaces and corresponding
additional projection thresholds may be used. Moreover, deep learning methods may be used to
estimate the shape of a player which may vary depending on whether the player is running,
jemping or sliding. Based on the estimated shape of the player two or more subspaces may be
determined within the scene.

Preferably, the obtained projected 2D area may even be further simplified by determining a centre
of the projected 2D area. Determining a center of the projected 2D area may comprise determining

a smaller surface within boundaries of the projected 2D area which is located substantially in the
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middle of the projected 2D area. Alternatively, determining a center of the projected determined
3D scene coordinates may comprise determining a point, i.e. an area of 5x5 in the scenario where
5x5x5 voxels are used, within boundaries of the projected 2D area, which point is located
substantially in the middle of the projected 2D area.

The above described steps of projecting the determined 3D scene coordinates of the football
players to 2D scene coordinates and determining based thereon the position of the football players
allows for an accurate an quick determination of the position of the football players.

In comparison to prior art methods which use a overhead camera, i.e. a camera which is positioned
directly above the scene, to determine positions of players, the described method is more accurate
and less susceptible to noise since data corresponding to the Z; direction is taken into account
according to the described method, whereas this information is not available to the overhead
camera. Moreover, the described method is more flexible as compared to the use of an overhead
camera since an overhead camera cannot be set up at every scene, e.g. a lot of football pitches do
not offer the infrastructure to position a camera directly above the football pitch, whereas cameras

can be easily set-up around the football pitch.

By carrying out the described method for subsequent video frames of the obtained video feed, at
subsequent moments in time, the position of the football players can be accurately tracked over

time.

Figure 5 schematically illustrates an image processing system 500 for determining a position of an
object within a scene, wherein the scene is a predetermined region in space, said region being
defined between a bottom plane and an upper plane substantially parallel to the bottom plane. The
image processing system 500 comprises an obtaining unit 510 for obtaining at least three
contemporaneous camera images of the object within the scene, wherein the at least three camera
images are associated with different predetermined camera locations and orientations with regard
to the scene. The obtaining unit 510 may be comprised within one or more cameras which capture
the at least three contemporaneous camera images. Alternatively or in addition, the obtaining unit
510 may be located externally to one or more of those cameras. The system 500 further comprises
a first determining unit 520 for determining two-dimensional, 2D, image coordinates of the object
tor each one of the at least three camera images, a second determining unit 530 for determining
three-dimensional, 3D, scene coordinates of the object based on the determined 2D image
coordinates, and a third determining unit 540 for determining 2D scene coordinates of the object
which are representative for the position of the object within the scene, based on the determined

3D scene coordinates.



10

35

WO 2018/222033 PCT/NL2018/050349
26

A person of skill in the art would readily recognize that steps of various above-described methods
can be performed by programmed computers. Herein, some embodiments are also intended to
cover program storage devices, e.g., digital data storage media, which are machine or computer
readable and encode machine-executable or computer-executable programs of instructions,
wherein said instructions perform some or all of the steps of said above-described methods. The
program storage devices may be, e.g., digital memories, magnetic storage media such as a
magnetic disks and magnetic tapes, hard drives, or optically readable digital data storage media.
The embodiments are also intended to cover computers programmed to perform said steps of the

above-described methods.

The functions of the various elements shown in the Figures, incloding any functional blocks
iabelled as “units”, “processors” or “modules”, may be provided through the use of dedicated
hardware as well as hardware capable of executing software in association with appropriate
software. When provided by a processor, the functions may be provided by a single dedicated
processor, by a single shared processor, or by a plurality of individual processors, some of which
may be shared. Moreover, explicit use of the term “processor” or “controlier” should not be
construed to refer exclusively to hardware capable of executing software, and may implicitly
include, without limitation, digital signal processor (DSP) hardware, network processor,
application specific integrated circuit (ASIC), field programmable gate array (FPGA), read only
memory (ROM) for storing software, random access memory (RAM), and non volatile storage.
Other hardware, conventional and/or custom, may also be included. Similarly, any switches shown
in the Figures are conceptual only. Their function may be carried out through the operation of
program logic, through dedicated logic, through the interaction of program control and dedicated
logic, or even manually, the particular technique being selectable by the implementer as more

specifically understood from the context.

1t should be appreciated by those skilled in the art that any block diagrams herein represent
conceptual views of ilfustrative circuitry embodying the principles of the invention. Similarly, it
will be appreciated that any tlow charts, flow diagrams, state transition diagrams. pseudo code, and
the like represent various processes which may be substantially represented in computer readable
medium and so executed by a computer or processor, whether or not such computer or processor is

explicitly shown.

Whilst the principles of the invention have been set out above in connection with specific
embodiments, it is to be understood that this description is merely made by way of example and

not as a limitation of the scope of protection which is determined by the appended claims.
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Claims

1. Image processing method for determining a position of an object within a scene,
wherein the scene is a predetermined region in space, said region being defined between a bottom
plane and an upper plane substantially parallel to the bottom plane, the method comprising:

- obtaining at least three contemporaneous camera images of the object within the scene,
wherein the at least three camera images are assoctated with different predetermined camera
locations and orientations with regard to the scene;

- determining two-dimensional, 2D, image coordinates of the object for each one of the at
feast three camera images;

- determining three-dimensional, 3D, scene coordinates of the object based on the
determined 2D image coordinates;

- determining 2D scene coordinates of the object which are representative for the position

of the object within the scene, based on the determined 3D scene coordinates.

2. Image processing method according to claim 1, wherein

- determining 2D image coordinates of the object comprises determining 2D pixel
coordinates for each pixel representing the object; and

- determining 3D scene coordinates of the object comprises determining 3D voxel

coordinates for each voxel representing the object based on the determined 2D pixel coordinates.

3. Image processing method according to claim 2, wherein determining 3D voxel
coordinates for each voxel representing the object based on the determined 2D pixel coordinates

comprises mapping the 2D pixel coordinates to 3D voxel coordinates.

4. Image processing method according to claim 3, wherein mapping the 2D pixel
coordinates to 3D voxel coordinates comprises:

- determining for each pixel representing the object in a first camera image a set of
candidate voxels within the scene which correspond with said respective pixel;

- selecting from said set of candidate voxels a voxel representing the object, based on sets
of candidate voxels corresponding to pixels representing the object in at least one camera image

other than said first camera image.

5. Image processing method according to claim 4, wherein determining the set of candidate

voxels for said respective pixel comprises determining a pixel projection line from said respective
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pixel to the scene and determining that a voxel is a candidate voxel when said voxel is situated

substantially along said pixel projection line.

6. Image processing method according to claim 2, wherein determining 3D voxel
coordinates for each voxel representing the object based on the determined 2D pixel coordinates
comprises dividing the scene into a voxel grid comprising a plurality of voxels, and determining
for each voxel of the plurality of voxels whether said voxel represents the object based on the

determined 2D pixel coordinates.

7. Image processing method according to claim 6, wherein determining for each voxel of
the plurality of voxels whether said voxel represents the object based on the determined 2D pixel
coordinates comprises mapping corresponding 3D voxel coordinates of said voxel to mapped 2D
image coordinates for each one of the at least three camera images, and determining whether said

mapped 2D image coordinates correspond with 2D pixel coordinates representing the object.

8. Image processing method according to any one of the preceding claims, forther
comprising dividing the scene in a plurality of subspaces, wherein each subspace of the plurality of
subspaces is comprised between a bottom subplane and an upper subplane, which subplanes are
substantially parallel with the bottom plane and the upper plane, and wherein determining 3D
voxel coordinates for each voxel representing the object based on the determined 2D pixel
coordinates is executed consecutively for each subspace of the plurality of subspaces or in paraliel

for each subspace of the plurality of subspace.

9. Image processing method according to any one of the preceding claims, wherein
determining 2D scene coordinates of the object which are representative for the position of the
object within the scene comprises projecting the determined 3D scene coordinates onto the bottom

plane.

10. Image processing method according to claim 9, wherein determining 2D scene
coordinates of the object which are representative for the position of the object within the scene

comprises determining a center of the projected determined 3D scene coordinates.

11. Image processing method according to any one of the preceding claims. further
comprising:
- dividing the scene or a part thereof in at least a first subspace and a second subspace,

wherein the first subspace is comprised between a first bottom subplane and a first upper subplane,
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and wherein the second subspace is comprised between a second bottom subplane and a second
upper subplane, which subplanes are substantially parallel with the bottom plane and the upper
plane;

- determining for each of the at least first subspace and second subspace, whether
determined 3D scene coordinates are present in the respective subspace; and

- determining 2D scene coordinates of the object which are representative for the
position of the object within the scene if determined 3D scene coordinates are present in each

subspace of the at least first subspace and second subspace.

12. Image processing method according to claim 11, wherein the first bottom subplane
coincides with the bottom plane and wherein the first upper subplane coincides with the second

bottom subplane.

13. Image processing method according to any one of the preceding claims, wherein each
predetermined camera location and orientation corresponds with a predetermined position and

orientation with respect to a scene based coordinate system, respectively.

14. Image processing method according to any one of the preceding claims, wherein
obtaining each one of the at least three contemiporaneous camera images of the object within the

scene is performed by at least three corresponding cameras.

15. Image processing method according to claim 10, further comprising a step of
calibrating the at least three cameras, prior to obtaining the at least three contemporaneous camera

images of the object within the scene.

16. Image processing method according to claim 15, wherein calibrating the at least three

cameras comprises minimizing a reprojection error of the cameras.

17. Image processing method according to any one of the preceding claims, wherein
determining 2D image coordinates of the object for each one of the at least three camera images
comprises determining which pixels represent the object in each one of the at least three camera

images.

18. Image processing method according to claim 17, wherein determining which pixels
represent the object in each one of the at least three camera images comprises performing a

background subtraction for each one of the at least three camera images.
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19. Image processing method according to claim 17 or 18, wherein determining which
pixels represent the object in each one of the at least three camera images comprises at least one of

noise filtering and shadow filtering based on a predetermined threshold.

20. Image processing method according to claim 17, 18 or 19, wherein determining which
pixels represent the object in each one of the at least three camera images comprises a blob

classification based on an estimated shape of the object.

21. Image processing method for tracking a moving object within a scene, comprising:
- performing the method according to any one of the preceding claims 1-20 at

consecufive moments in time.

22. Image processing method according to claim 21, wherein the at least three camera

images constitute at least three video frames of at least three corresponding video feeds.

23. Image processing method according to any one of the preceding claims 11 to 22,
wherein the object is a human and wherein the first subspace is between 0 cm and 120 cm,
preferably between 0 cm and 100 cm, and more preferably between 0 cm and 75 cm; and wherein
the second subspace is between 75 cm and 200 cm, preferably between 95 cm and 185 cm, and

more preferably between 115 cm and 170 cm.

24. A computer program product comprising computer-executable instructions for

performing the method of any one of the claims 1-23, when the program is run on a computer.

25. Image processing system for determining a position of an object within a scene,
wherein the scene is a predetermined region in space, said region being defined between a bottom
plane and an upper plane substantially parallel to the bottom plane, the system comprising:

- an obtaining unit for obtaining at least three contemporaneous camera images of the
object within the scene, wherein the at least three camera images are associated with different
predetermined camera locations and orientations with regard to the scene;

- a first determining unit for determining two-dimensional, 2D, image coordinates of the
object for each one of the at least three camera images:

- a second determining unit for determining three-dimensional, 3D, scene coordinates of

the object based on the determined 2D image coordinates; and
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- a third determining unit for determining 2D scene coordinates of the object which are

representative for the position of the object within the scene, based on the determined 3D scene

coordinates.

26. Image processing system according to claim 25, configured for performing the method

of any of the claims 1-23.
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