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METHOD AND SYSTEM FOR CALIBRATING
A VELOCIMETRY SYSTEM

TECHNICAL FIELD

[0001] The present invention relates to the field of velocimetry systems, and more

particularly, to methods and systems for enhanced calibrations of velocimetry systems.

BACKGROUND

[0002] In fluid mechanic measurements cameras are often used for recording a

scene of small particles propagating in a fluid. In order to obtain 2D images a thin slice of
the flow of particles is illuminated e.g. with a laser. The particle displacement between
sequentially acquired images can then be analyzed using different techniques. It is
necessary to calibrate the cameras to the illuminated plane, i.e. the millimeter to pixel ratio
must be determined. Thereby distances travelled by the particles between consecutive
images can be determined, and the velocity of the particles may be determined from the

determined distances and the time elapsed between two successive images.

[0003] Several different techniques may be used for determining the velocity such
as particle tracking velocimetry (PTV) if individual particle paths are followed or particle
image velocimetry (PIV) if an average velocity for a cluster of neighboring particles is
desired. For example, least squares matching algorithms or cross-correlation based

algorithms may be used.

[0004] 3D volume measurement methods also exist. In this case, a given volume of
the flow of particles is illuminated instead of illuminating a thin slice of the flow. Two or
more cameras are usually needed to detect the 3D particle positions in space and
movements in time. A camera calibration is performed in order to estimate parameters of an
imaging model that describe how positions in object space are mapped to the image plane
of each camera. A calibration target having markers thereon of which the position is known
is usually used for this calibration. In the context of the present application, such a

calibration is considered a coarse or preliminary calibration.
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[0005] After calibrating the cameras, the 3D position of particles may be estimated

using known techniques.

[0006] However, the coarse or preliminary calibration is usually not accurate. With
reference to Figure 1, there is shown a particle 100 in an illuminated volume 102. Three
cameras 104, 106 and 108 are used for capturing images of the particle 100 within the
illuminated volume 102. The solid lines 110, 112 and 114 represent the mapping of the
particle 100 onto the camera images 104, 106 and 108, respectively. The solid lines
designated with reference numbers 115a, 115b and 115c illustrate the true, but unknown,
position and orientation of the cameras 104, 106 and 108, while the dashed lines designated
with reference numbers 116, 118 and 120 represent the assumed location and orientation of

the cameras 104, 106 and 108 as described by the preliminary calibrations.

[0007] In this example, the orientation of the camera 104 is correct while its
location is not; the location of the camera 106 is correct while its orientation is not; and

both the position and orientation of the camera 108 are not correct.

[0008] The dashed lines 122, 124 and 126 represent the mapping of the particle 100
from the cameras 104, 106 and 108 back to the illuminated space. Since the calibration of
the cameras 104, 106 and 108 is not accurate, i.e. the assumed position and/or orientation of
the cameras 104, 106 and 108 is not correct, the lines 122, 124 and 126 do not intersect at
the position of the particle 100. Instead the particle may be estimated to be located as
shown by the dashed circle 128 (if a match is found at all). The results of this poor
calibration can introduce undesirable errors in the data generated by the velocimetry

system.

[0009] Based on the foregoing, there is a need for an improved method and system

for calibrating a velocimetry system.

SUMMARY
[0010] According to a first broad aspect, there is provided a computer-implemented

method for calibrating a velocimetry system, the velocimetry system including at least one
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camera for imaging an illuminated volume comprising moving particles according to at
least two different fields of view, the method comprising: receiving a preliminary
calibration for the velocimetry system, the preliminary calibration including a set of
preliminary imaging equations for each one of the at least two fields of view;
simultaneously acquiring different sets of images of the illuminated volume from the at
least two fields of view; for each one of the different set of images, voxelizing and
reconstructing the illuminated volume, thereby obtaining a voxelized volume for each one
of the different sets of images; dividing each voxelized volume into a plurality of
interrogation volumes and generating a template image of each one of the plurality of
interrogation volumes for each one of the at least two different fields of view using the
corresponding set of preliminary imaging equations; for each interrogation volume and
each one of the at least two different fields of view, identifying a match between given
clusters of particles contained in the corresponding template image and corresponding
clusters of particles contained in the corresponding one of the different sets of images;
determining disparities between a position of the given clusters of particles within the
template image and a position of the corresponding clusters of particles within the
corresponding one of the different sets of images; for each one of the at least two fields of
view, modifying the corresponding set of preliminary imaging equations based on the
determined disparities, thereby obtaining an updated calibration; and outputting the updated

calibration.

[0011] In one embodiment, the set of preliminary imaging equations corresponds to
one of a direct linear transformation imaging model, a pinhole imaging model and a Soloff

imaging model.

[0012] In one embodiment, said receiving a preliminary calibration includes

determining the preliminary calibration.

[0013] In one embodiment, said determining the preliminary calibration includes

acquiring images of a pattern of a predefined geometry.
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[0014] In one embodiment, the pattern includes markers, at least one of a position

of the markers and relative distances between the markers being known.

[0015] In one embodiment, the pattern includes one of a matrix of dots, crosshairs

and chessboard crossings.

[0016] In one embodiment, said receiving a preliminary calibration includes
computing calibration coefficients for the set of preliminary imaging equations based on a

geometry of the velocimetry system.

[0017] In one embodiment, said voxelizing and reconstructing the illuminated
volume includes dividing the illuminated volume into a plurality of voxels and assigning a

grayscale value to each one of the plurality of voxels.

[0018] In one embodiment, a grid of voxels resulting from said voxelizing is

identical for each voxelized volume.

[0019] In one embodiment, the interrogation volumes have one of an ellipsoidal

shape, a spherical shape and a cuboidal shape.

[0020] In one embodiment, at least two of the interrogation volumes at least

partially overlap one another.
[0021] In one embodiment, the interrogation volumes are distinct from one another.

[0022] In one embodiment, said identifying a match includes performing a search
of a region of the corresponding one of the different sets of images and the corresponding

template.

[0023] In one embodiment, a center of the region of the corresponding one of the
different sets of images is determined by applying the set of preliminary imaging equations

to a center of the interrogation volume.
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[0024] In one embodiment, said performing a search includes shifting the
corresponding template around within the region of the corresponding one of the different

sets of images.

[0025] In one embodiment, said identifying a match includes determining a cross-
correlation map between the corresponding one of the different sets of images and the

corresponding template.

[0026] In one embodiment, said determining a cross-correlation map includes
determining a plurality of cross-correlation maps for the different sets of images obtained at
different points in time, one of summing and multiplying the cross-correlation maps
together to obtain a unique cross-correlation map, and identifying a correlation peak within

the unique cross-correlation map.

[0027] In one embodiment, said identifying a match includes applying one of a least

squares matching method and a sum of absolute differences method.

[0028] In one embodiment, said determining disparities includes determining

statistics collected over several ones of the different sets of images.

[0029] In one embodiment, said determining disparities includes generating

disparity maps for each one of the at least two different fields of view.

[0030] In one embodiment, the method further includes applying an image
processing to the different sets of images of the illuminated volume prior to said voxelizing

and reconstructing the illuminated volume.

[0031] In one embodiment, said image processing includes at least one of setting an

image background to zero and increasing a size of the particles.

[0032] In one embodiment, the at least one camera includes at least two separate

cameras each corresponding to a respective one of at least two different fields of view.
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[0033] In one embodiment, the at least one camera includes a single camera adapted

to image the illuminated volume according to the at least two different fields of view.

[0034] The computer-implemented method of claim 1, wherein the single camera is

a light-field camera.

[0035] In one embodiment, the particles include at least one of solid particles,
droplets and bubbles.
[0036] According to another broad aspect, there is provided an apparatus for

calibrating a velocimetry system, the velocimetry system including at least one camera for
imaging an illuminated volume comprising moving particles according to at least two
different fields of view, the apparatus comprising: at least one processing unit and a
computer readable memory storing computer executable instructions thereon that when

executed by the at least one processing unit perform the above described method steps.

[0037] According to a further broad aspect, there is provided a computer program
product comprising a computer readable memory storing computer executable instructions

thereon that when executed by a computer perform the above described method steps.

[0038] According to still another broad aspect, there is provided an apparatus for
calibrating a velocimetry system, the velocimetry system including at least one camera for
imaging an illuminated volume comprising moving particles according to at least two
different fields of view, the apparatus comprising: a volume voxelization and
reconstruction module for: receiving a preliminary calibration for the velocimetry system,
the preliminary calibration including a set of preliminary imaging equations for each one of
the at least two different fields of view; receiving different sets of images of the illuminated
volume simultaneously acquired from the at least two fields of view; and for each one of
the different sets of images, voxelizing and reconstructing the illuminated volume, thereby
obtaining a voxelized volume for each one of the different sets of images; an interrogation
volume extraction module for dividing each voxelized volume into a plurality of

interrogation volumes; an interrogation volume projection module for generating a template
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image of each one of the plurality of interrogation volumes for each one of the at least two
different fields of view using the corresponding set of preliminary imaging equations; a
template matching module for identifying, for each interrogation volume and each one of
the at least two different fields of view, a match between given clusters of particles
contained in the corresponding template image and corresponding clusters of particles
contained in the corresponding one of the different sets of images; a disparity module for
determining disparities between a position of the given clusters of particles within the
template image and a position of the corresponding clusters of particles within the
corresponding one of the different sets of images; and an imaging equation correction
module for: for each one of the at least two fields of view, modifying the corresponding set
of preliminary imaging equations based on the determined disparities, thereby obtaining an

updated calibration; and outputting the updated calibration.

[0039] According to still a further embodiment, there is provided a velocimetry
system comprising: at least one camera for imaging an illuminated volume including
moving particles according to at least two different fields of view; and a calibration
apparatus including: a volume voxelization and reconstruction module for: receiving a
preliminary calibration for the velocimetry system, the preliminary calibration including a
set of preliminary imaging equations for each one of the at least two fields of view;
receiving different sets of images of the illuminated volume simultaneously acquired from
the at least two fields of view; and for each one of the different set of images, voxelizing
and reconstructing the illuminated volume, thereby obtaining a voxelized volume for each
one of the different sets of images; an interrogation volume extraction module for dividing
each voxelized volume into a plurality of interrogation volumes; an interrogation volume
projection module for generating a template image of each one of the plurality of
interrogation volumes for each one of the at least two different fields of view using the
corresponding set of preliminary imaging equations; a template matching module for
identifying, for each interrogation volume and each one of the at least two different fields
of view, a match between given clusters of particles contained in the corresponding
template image and corresponding clusters of particles contained in the corresponding one

of the different sets of images; a disparity module for determining disparities between a
7
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position of the given clusters of particles within the template image and a position of the
corresponding clusters of particles within the corresponding one of the different sets of
images; and an imaging equation correction module for: for each one of the at least two
fields of view, modifying the corresponding set of preliminary imaging equations based on
the determined disparities, thereby obtaining an updated calibration; and outputting the

updated calibration.

BRIEF DESCRIPTION OF THE DRAWINGS

[0040] The embodiments of the present invention shall be more clearly understood
with reference to the following detailed description of the embodiments of the invention

taken in conjunction with the accompanying drawings, in which:

[0041] Figure 1 is a block diagram illustrating a velocimetry system having three
cameras used to record images of a particle held within an illuminated volume, with solid
and dashed lines showing, respectively, the actual and assumed positions and orientations

of the cameras and revealing the result of poor calibration;

[0042] Figure 2 is a flow chart of a method for improving a coarse or preliminary

calibration of a velocimetry system, in accordance with an embodiment;

[0043] Figure 3 is a block diagram illustrating part of a velocimetry system
comprising a volume to be illuminated and three cameras each offering a respective field of

view of the illuminated volume, in accordance with an embodiment;

[0044] Figures 4a-4c each illustrate a photograph of a calibration target comprising

markers thereon acquired by a respective camera, in accordance with an embodiment;

[0045] Figure 5 illustrates a volume of a velocimetry system that is seeded with

particles, in accordance with an embodiment;

[0046] Figure 6a-6d each illustrate a photograph of a sparsely seeded illuminated

volume acquired by a camera at different points in time while the particles propagate within
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the illuminated volume (black and white colors being inverted in comparison to Figure 5),

in accordance with an embodiment;

[0047] Figure 7 is a block diagram of an illuminated, voxelized and reconstructed

volume being divided into interrogation volumes, in accordance with an embodiment;

[0048] Figure 8 illustrates a velocimetry system comprising three cameras and a
volume containing a plurality of interrogation volumes and the creation of a template for a

given interrogation volume and a given camera, in accordance with an embodiment;

[0049] Figure 9 illustrates a cross-correlation map obtained from a segment of the
image of the illuminated volume acquired by a camera and an image of an interrogation
volume that is obtained by mapping of the interrogation volume onto the camera using the
image equations obtained by a calibration of the camera, in accordance with an

embodiment;

[0050] Figure 10 illustrates the summation of different cross-correlation maps
obtained for a same interrogation volume at different points in time, in accordance with an

embodiment; and

[0051] Figure 11 is a block diagram of a processing module adapted to execute at

least some of the steps of the method of Figure 1, in accordance with an embodiment.

[0052] It will be noted that throughout the appended drawings, like features are

identified by like reference numerals.

DETAILED DESCRIPTION

[0053] There is described a method and system for calibrating a camera based
velocimetry system or velocimeter, and more particularly for improving an initial, coarse or
preliminary calibration of a velocimetry system. In one embodiment, the method and

system described below can be used for improving the calibration of a PIV or PTV system.

[0054] A camera based velocimetry system usually comprises at least a frame or

structure for receiving a moving fluid (gas or liquid) in which seeding particles (typically
9



WO 2018/207032 PCT/IB2018/051574

solid particles, droplets or small bubbles) are suspended, a light source (typically a laser)
for illuminating at least a part of the moving fluid, at least one camera for imaging at least a
portion of the illuminated volume according to at least two fields of view ( or camera
views) and a controller for controlling the illumination and the cameras. The velocimetry
system further includes a processing apparatus for determining the velocity of a fluid or
particles contained within a fluid using the images acquired by the cameras. Particulars of
these components (e.g. their features, configuration, arrangement and operation) being

generally known in the art, they require no further explanation.

[0055] It should be understood that the two or more camera views of the
illuminated volume may be acquired by two or more different cameras having different
positions and orientations. Alternatively, the two or more camera views may be acquired
using a single camera if optical components such as lenses, prisms and/or mirrors are used
to image different views onto different parts of the image sensor in the camera. In the
following each such part of an image sensor will be equivalent to a single camera. For
example, multi-lenses array/multi-apertures camera such as a single light-field camera may
be used for imaging the illuminated volume according to two or more different fields of

view.

[0056] Referring to Figure 3, there is schematically illustrated a velocimetry system
30 comprising three cameras 32, 34 and 36 each positioned at a different position relative
to a volume 38 to be imaged, i.e. the illuminated volume, and oriented according to a
respective orientation relative to the volume 38 so that the three cameras 32, 34 and 36 each
provide a different and respective field of view of the illuminated volume 38. While the
velocimetry system 30 comprises three cameras 32, 34 and 36, it should be understood that
the number of cameras may vary as long as the illuminated volume may be imaged

according to at least two different camera views.

[0057] The illuminated volume 38 is provided with a 3D coordinate system in
which the position of a particle 40 is expressed as (X, Y, Z). Each camera 32, 34, 36 is
adapted to acquire a 2D image of the illuminated volume 38 and the coordinates of the

particle 40 are (X, y;) in the coordinate system of the first camera 32, (X;, y2) in the
10
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coordinate system of the second camera 34 and (X3, y3) in the coordinate system of the third

camera 36.

[0058] Figure 2 illustrates one embodiment of a method 10 for calibrating a
velocimetry system 30. At least some of the steps of the method 10 are implemented by a
computer machine as described below. Step 12 involves determining a preliminary camera
calibration for the velocimetry system. The preliminary camera calibration corresponds to
an initial imaging equation based on an imaging model for each camera of the velocimetry
system. An imaging model of a given camera describes how the position coordinates of a
particle or object in a 3D space (i.e. the object space) are transferred to the 2D coordinate
system of the given camera, i.e. the image plane. The mathematical function thereof is
called the imaging equation. The step 12 of determining the initial calibration consists in
selecting an adequate imaging equation and determining the coefficients or parameters of

the selected imaging equation.

[0059] Referring back to Figure 3, for each camera 32, 34, 36, an initial imaging
model M;, M, M3, respectively, allows to determine the image position of the particle 40
of which the position is (X, Y, Z) in the 3D coordinate system and (x1, y1), (X2, ¥2), (X3, ¥3)
in the 2D coordinate systems of the camera 32, 34, 36, respectively, according to the

following imaging equations:
xL,y)=Mi(X,Y, Z)
(X2, y2) =Ma(X, Y, Z)
(x3,y3) =Ms(X, Y, Z)

[0060] In one embodiment, an imaging model may take into account optical
properties such as focal length, f-number, and/or object distance. Examples of adequate
imaging models comprise the direct linear transformation imaging model and the pinhole
imaging model. Alternatively, the Soloff imaging model may be used for calibrating the
cameras. The Soloff imaging model (also known as 3" order polynomial model) describes
the mapping from the object space to the camera image plane by a first third order

11
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polynomial equation for the camera x-coordinate and a second third order polynomial
equation for the camera y-coordinate. In this case, each polynomial equation comprises 19
calibration coefficients so that the value of a total of 38 calibration coefficients has to be
determined for each camera in order to obtain the imaging model representing the

preliminary calibration.

[0061] It should be understood that any adequate imaging model may be used for
the cameras 32, 34 and 36. Depending on the choice of the imaging model, the
transformation may describe perspective, lens distortion (e.g. barrel or pincushion
distortion) or some other arbitrary distortion. All imaging models include a given number
of coefficients or parameters. The coarse, initial or preliminary calibration entails

estimating suitable values of the parameters for each imaging model of each camera 32, 34,

36.

[0062] For example, the preliminary calibration of the cameras 32, 34 and 36 may
be made by acquiring images of a target object comprising a pattern of known or
predefined geometry. The pattern of known geometry may comprise crosshairs, chessboard

crossings, and/or the like.

[0063] In one embodiment, the target object comprises markers. In one
embodiment, the position of the markers in the object space is known. In another
embodiment, the position of the markers in the object space is unknown but the relative
distances between the markers are known. Figures 4a, 4b and 4c illustrate the images of a
target object 42 acquired by three cameras 32, 34 and 36 each having a different field of
view on the target object 42. The target object 42 comprises a matrix of dots 44 of which

the position of the center of each dot 44 is known in the target object space.

[0064] In another embodiment, the preliminary calibration is performed using a
computer simulation as known in the art. The preliminary calibration may also be
determined by guesswork or hand calculation. It should be understood that any adequate

method for determining the preliminary calibration may be used.

12
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[0065] In one embodiment, the step of determining the preliminary calibration may
be omitted and replaced by a step of receiving the preliminary calibration. For example, the
preliminary calibration may have been previously performed and the corresponding
imaging equation and its determined coefficients may have been stored in memory. The
imaging equation and its coefficients are then retrieved from memory. For some imaging
models the preliminary calibration coefficients may alternatively be computed from known,
nominal or estimated geometry of the system setup, including e.g. known or assumed

position, orientation and focal length of each of the cameras and lenses used.

[0066] Once the preliminary calibration of the cameras is received or determined,
steps 14-28 of the method 10 are performed in order to refine the preliminary calibration of

the velocimetry system.

[0067] At step 14, the illuminated volume of the velocimetry system is seeded with
particles which propagate within the illuminated volume, and a plurality of sets of images is
acquired at different points in time by the cameras 32, 34 and 36 at step 16. Figure 5
illustrates an exemplary illuminated volume 38 that is seeded with particles 46. As
described above, the cameras 32, 34 and 36 are positioned so as to provide different fields

of view of the seeded illuminated volume 38.

[0068] The images simultaneously acquired at a given point in time by the cameras
32, 34 and 36 form a set of images. Therefore, a set of images comprises three
simultaneous images each taken by a respective camera 32, 34, 36. For example, a first set
of images may be simultaneously acquired by the cameras 32, 34 and 36 at a first point in
time, a second set of images may be simultaneously acquired by the cameras 32, 34 and 36
at a second and different point in time, a third set of images may be simultaneously

acquired by the cameras 32, 34 and 36 at a third and different point in time, etc.

[0069] Figures 6a, 6b, 6¢ and 6d illustrate images of the sparsely seeded illuminated
volume 38 of Figure 5 acquired by the camera 32 at four different points in time. It can be

noted that the distribution of the particles 46 within the illuminated volume 38 varies from

13
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Figure 6a to Figure 6d since the particles 46 propagate within the illuminated volume 38

during the acquisition of the different sets of images.

[0070] For each set of images acquired at a given point in time, the illuminated
volume 38 acquired by the cameras 32, 34 and 36 is voxelized and reconstructed using the
corresponding set of images and the camera calibrations at step 18. Therefore, a series of
voxelized and reconstructed volumes is obtained at step 18, i.e. a voxelized and
reconstructed volume corresponding to the illuminated volume is obtained for each point in
time at which images have been simultaneously acquired by the cameras 32, 34 and 36. The
volume to be reconstructed is subdivided into a 3D grid of voxels. The reconstruction is
done by assigning a grayscale value to each voxel and the grayscale value for each voxel is
determined by combining data from each of the images in the set using the current
calibration for each of the cameras. The grayscale value assigned to a given voxel indicates

whether the given voxel is inside a particle or not.

[0071] In one embodiment, a zero grayscale value assigned to a voxel indicates that
the voxel is not inside a particle. A nonzero grayscale value assigned to a voxel indicates
that the voxel is completely or partially inside a particle.. The highest grayscale values are
assigned to voxels in the center of a bright particle, while darker, but nonzero grayscale
values are assigned to voxels that are on the edge of a bright particle or near the center of a
darker particle. It should be understood that other configurations may be possible. For
example, a zero grayscale value or white color value may be indicative of the presence of a

particle.

[0072] It should be understood that any suitable volume reconstruction method for
reconstructing the illuminated volume using the images acquired by the cameras 32, 34 and
36, voxelizing the volume and assigning a grayscale value to each voxel of the volume may

be used.

[0073] In one embodiment, the grid of voxels is identical for all of the reconstructed
volumes while only the value of the voxels varies from one reconstructed volume to

another reconstructed volume.

14
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[0074] Once the corresponding illuminated volume has been voxelized and
reconstructed for each set of acquired images, each reconstructed volume is divided into a
plurality of interrogation volumes at step 20. Each interrogation volume comprises a given
number of neighboring voxels. It should be noted that the interrogation volumes, may have
any adequate shape. In one embodiment, the interrogation volumes have a convex shape,

e.g. an ellipsoid, a sphere or a cuboid as shown in figure 7.

[0075] In one embodiment, the interrogation volumes are distinct one from one
another so that no voxel of the reconstructed volume is shared between two different
interrogation volumes. In alternative embodiments, the interrogation volumes could overlap
one another so that a given voxel may belong to more than one interrogation volume. IN a
further embodiment, the interrogation volumes may be spaced apart by some voxels which

belong to no interrogation volumes.

[0076] Figure 7 illustrates one embodiment of a voxelized and reconstructed
illuminated volume 50 that was reconstructed using a given set of images taken by the
cameras 32, 34 and 36 at a given point in time and using an adequate volume reconstruction
method. The reconstructed volume 50 is divided into a plurality of voxels 52 and further
divided into forty five interrogation volumes. In this example, the reconstructed volume 50
comprises five interrogation volumes 54 along the x axis, three interrogation volumes along
the y axis, and three interrogation volumes along the z axis, and there is no overlap between
adjacent interrogation volumes 54. It should be understood that the size, shape, number and

location of the voxels 52 and the interrogation volumes 54 are exemplary only.

[0077] In one embodiment, the voxelized and reconstructed volume is divided into
at least two interrogation volumes along each axis X, y and z of the coordinate system. In
this case, the reconstructed volume comprises at least eight interrogation volumes. In one
embodiment, the number of interrogation volumes along one of the axis X, y, z of the

coordinate system is only one, while two or more are distributed along the two other axes.

[0078] For each reconstructed volume, an image of each interrogation volume as

seen by each camera is further generated at step 20 using the corresponding imaging
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equations obtained at the latest refinement of calibration of each camera. As a result, for a
reconstructed volume comprising N interrogation volumes, N images each of a respective
interrogation volume are generated for the first camera 32, N images each of a respective
interrogation volume are generated for the second camera 34, and N further images each of
a respective interrogation volume are generated for the third camera 36. These 2D images
are subsequently used as template images or templates for which the best possible match in
the originally acquired images is to be found. Therefore, it should be understood that the
comparison between the templates and the originally acquired images is performed in the

2D image plane of the cameras.

[0079] At step 22, a search of a region of the originally acquired image is
performed to locate a match for the corresponding template from step 20, i.e. a match
between clusters of particles in the template and their corresponding clusters of particles
present in the region of the originally acquired image. The center of the search region in the
image is determined by applying the image equations of the latest camera calibration to the
center of the interrogation volume. The determined region corresponds to the interrogation
volume as seen by the camera. For each cluster of particles present in the interrogation
volume, the corresponding cluster of particles in the region of the acquired image is
searched and determined. This may be done by shifting the template around within the
search region in the acquired image, looking for the position with the most similarity. If the
preliminary calibration is not exact, the position of a given cluster of particles in the
template does not exactly correspond to the position of its corresponding cluster of particles
in the region of the acquired image. The position difference between the given cluster of
particles and its corresponding cluster of particles is subsequently used for refining the
calibration. In one embodiment, a match is expected to be found within 2-3 pixels of the

predicted position (corresponding roughly to the particle image diameter).

[0080] At step 24, statistics across the entire series of different sets of images are
collected for all interrogation volumes. These statistics are in the form of so-called

“disparity maps” for each camera. Disparity maps describe the combined systematic errors
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of camera calibrations when applied at a certain location within the volume, i.e. at the

center of the corresponding interrogation volume.

[0081] Figure 8 illustrates a reconstructed and voxelized volume 50 comprising a
plurality of interrogation volumes including the interrogation volume 52. In the illustrated
embodiment, the interrogation volume 52 comprises three particles. The dots 54a, 54b and
S4c illustrates the true positions of the three particles while the dots 56a, 56b and 56c¢
illustrate the positions of the particles obtained via the reconstruction of the particles. Due
to imperfect camera calibrations, the dots 56a, 56b and 56c¢ are shifted up slightly compared

to the dots 54a, 54b and 54c which illustrate the true particle positions.

[0082] The volume 50 is imaged by three cameras 58, 60 and 62. Taking the
example of the camera 58 and using the preliminary calibration of the camera 58, the
particles 56a, 56b and 56¢ are mapped back to that camera to get a template for which a
match in the originally acquired image is to be searched. The particles 54a, 54b and 54c
within the interrogation volume 52 will provide the desired match for the template, shifted
slightly sideways in the image due to the offset between actual and reconstructed particle
positions. The region 64 of the image originally acquired by the camera 58 within the
camera plane 66 which corresponds to the interrogation volume 52 is determined by
applying the image equations of the preliminary camera calibration for camera 58 to the
center of the interrogation volume 52 to obtain the center of the region 64 and to the

corners of the interrogation volume 52 to obtain the size/extent of the region 64.

[0083] In one embodiment, the camera 58 also sees particles in the acquired image
that do not belong to this interrogation volume 52, but are located in front of or behind the
interrogation volume 52 as seen from the camera in question. This is illustrated by the
hatched area 68 in Figure 8. All particles present in the hatched area 68 are visible in the
originally acquired image in the same area 64 as the ones from the interrogation volume 52
being investigated. All of these particles can potentially contribute to false matches in the
template search. This makes it harder to determine the misalignment from a single set of
images. This is why statistics are collected over several image sets at step 24. As particles

have moved to other locations between the different sets of images the occurrence of false
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matches contributes to random disparities in the different sets, while matches with the true
particles always shows the same disparity locally since the misalignment of the cameras

represents a systematic error.

[0084] At step 26 the coefficients or parameters of the camera calibrations, which
are part of the imaging equations, are finally adjusted based on the information from the
disparity maps in order to reduce the calibration errors contained in the preliminary
calibration. The thus obtained updated calibration, i.e. the new coefficients or parameters

for the imaging equations, is then outputted at step 28 and stored in memory.

[0085] Once the updated calibration has been outputted at step 28, one can choose
to adjust all cameras at the same time or adjust only some of the cameras such as only the

camera that seems to have the largest errors.

[0086] In one embodiment, the search for a match between a template from a given
interrogation volume at a given point in time for a given camera and its corresponding
acquired image comprises determining a cross-correlation between the template and the
acquired image. Therefore for each point in time, each interrogation volume and each
camera, a cross-correlation map between the respective template image and its
corresponding acquired image is determined. The cross-correlation map illustrates the

disparity between the template and its corresponding acquired image in the camera plane.

[0087] In other embodiment, methods other than cross-correlation may be used to
determine the best match between the template and the acquired image. For example,
methods such as Least Squares Matching and Sum of Absolute Differences may be used.
These methods all shift the template around within a search area in the acquired image,

looking for the position with the most similarity.

[0088] Figure 9 illustrates an exemplary cross-correlation map obtained from a
template and a corresponding acquired image for a given time, a given interrogation
volume and a given camera. As may be seen, the cross-correlation map comprises a

plurality of peaks of which one peak is the true correlation peak representing a true particle

18



WO 2018/207032 PCT/IB2018/051574

match and the remaining peaks are generated by noise or false matches. The true
correlation peak may be similar to the other peaks and thus hard to identify. The vertical
line 70 in the center of Figure 9 identifies where the peak should be located if the template
and the search region of the acquired image align perfectly (i.e. if the camera calibrations
are correctly aligned with one another). The offset of the correlation peak from the center
within the cross-correlation map is related to the misalignment of the camera calibrations.
The cross-correlation maps obtained from different sets of images at different times for the
same interrogation volume and the same camera are summed together as illustrated in
Figure 10. Since the position of the correlation peak representing the true template match
does not substantially vary in time, the correlation peaks obtained at different times add
together so that the amplitude of the resulting true correlation peak 72 is much greater than
the amplitude of the noise peaks which are randomly distributed. The location of the
correlation peak 72 relative to the origin representing the camera misalignment can then be

easily distinguished from the noise peaks. This corresponds to step 24 in Figure 2.

[0089] Then the camera calibrations are adjusted on the basis of the disparity maps
found for each camera. Using all disparities in all interrogation volumes, the imaging
equations can be adjusted for each camera so that the misalignment is reduced. As a result
and referring back to Figure 1, the majority of lines 122, 124, 126 of corresponding particle
images in the whole volume intersect within closer distance to each other. In one
embodiment, the center positions (XC, YC, ZC) of the interrogation volumes are used as
virtual marker locations in the world coordinates. For each interrogation volume, the
calculated disparity maps represent the dislocation (dxc, dyc) relative to the expected
location (xc, yc) based on the latest camera calibrations (i.e. from the latest calibration
iteration). Now, the disparity maps are added to these coordinates in the image planes
yielding new corrected coordinates (xc+dxc, yc+dyc). These new coordinates are then used
to re-calculate the imaging equations as described in step 12 of Figure 2, yielding finally a
new set of improved parameters of the imaging models. The virtual marker locations in the
reconstructed volume can be set arbitrarily. They can be set to the centers of the

interrogation volumes, or they can be set to locations corresponding to locations on the
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target of the initial calibration procedure. In these cases the disparity maps are interpolated

to the desired locations.

[0090] The adjusted imaging equations obtained for each camera 32, 34, 36 are then
outputted at step 28, thereby providing an improved calibration for the cameras 32, 34 and

36. The adjusted imaging equations may be stored in memory.

[0091] In one embodiment, the steps 18-26 may be repeated while using the
previously determined adjusted imaging equations as the preliminary calibration used in the
previous iteration. In the same or another embodiment, the steps 18-26 may be repeated
more than once and the improved calibration obtained at a given iteration is then used as
the preliminary calibration for the next iteration. In this case, the repetition of the steps 18-
26 may be stopped when the parameters of the imaging equations do not substantially vary
from one iteration to another, e.g. when the variation of the parameters from one iteration
to another is below a given threshold. In a similar way, one can use the disparity map as an
indicator. In this case, the repetition of the steps 18 to 28 may be stopped when the
disparity is below a given threshold. Once the repetition of the steps ceases, the last updated

calibration is outputted at step 28.

[0092] In an embodiment in which steps 18-26 are repeated, the same sets of
images that were acquired at step 16 during the previous iteration are used in the
subsequent iteration. In another embodiment in which steps 18-26 are repeated, step 16 is
also repeated so that new sets of images of the illuminated volume are acquired for each

iteration.

[0093] It should be understood that the sequence of the steps of the method 10 may
vary. For example, the different sets of images may be first acquired by the cameras 32, 34
and 36 before performing any processing, i.e. before voxelizing and reconstructing the
illuminated volume, subdividing the reconstructed volume into interrogation volumes,
projecting interrogation volumes onto each camera image plane to get templates, searching
the original images for template matches and building up disparity maps for all cameras

and interrogation volumes before finally correcting the camera calibrations. In another
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example, a first set of images may be acquired by the cameras 32, 34 and 36 and some
processing may be performed before acquiring a second set of images. For example, steps
18-26 may be completed on the first set of images before acquiring the next set of images.
Doing so, each new set of images is processed until the disparity maps of each camera can
be updated and acquisition of further images may stop once disparity peaks are high

enough to clearly distinguish them from noise peaks in the disparity maps.

[0094] In one embodiment, an image processing method can be applied to the
camera images prior to voxelization and reconstruction. The processing method may set the
image background to zero and increase the size (diameter) of particle images. Setting the
background to zero reduces the risk of false matches creating so-called ghost particles
(particles in the reconstructed volume that do not correspond to physical particles in the
illuminated volume). Increasing the particle image diameter furthermore increases the
chance that line-of-sight 122, 124 and 126 from corresponding particle images in different
camera images intersect one another even if/when the camera calibrations are imperfect. In
practice these lines have a certain thickness corresponding to the particle image diameter
and making the particle images larger increase the chance that these lines intersect in object
space. This processing method can be applied on the initially acquired images to artificially

increase the diameter of the particles.

[0095] In one embodiment, the method 10 further includes applying the determined
refined calibration to the cameras 32, 34 and 36. In this case, the improved calibration may
be applied when the velocimetry system is subsequently used for determining the velocity
of particles, the concentration of particles, the temperature of the fluid containing the

particles, and/or the like.

[0096] It should be understood that at least some of the steps of the method 10 may
be performed by a computer machine provided with at least one processing unit, a memory
or storing unit, and communication means. The memory comprises statements and
instructions stored thereon that, when executed by the processing unit, performs at least

some of the steps of the method 10.
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[0097] Figure 11 is a block diagram illustrating an exemplary processing module 80
for executing the steps 16 to 28 of the method 10, in accordance with some embodiments.
The processing module 80 typically includes one or more Computer Processing Units
(CPUs) and/or Graphic Processing Units (GPUs) 82 for executing modules or programs
and/or instructions stored in memory 84 and thereby performing processing operations,
memory 84, and one or more communication buses 86 for interconnecting these
components. The communication buses 86 optionally include circuitry (sometimes called a
chipset) that interconnects and controls communications between system components. The
memory 84 includes high-speed random access memory, such as DRAM, SRAM, DDR
RAM or other random access solid state memory devices, and may include non-volatile
memory, such as one or more magnetic disk storage devices, optical disk storage devices,
flash memory devices, or other non-volatile solid state storage devices. The memory 84
optionally includes one or more storage devices remotely located from the CPU(s) and/or
GPU(s) 82. The memory 84, or alternately the non-volatile memory device(s) within the
memory 84, comprises a non-transitory computer readable storage medium. In some
embodiments, the memory 84, or the computer readable storage medium of the memory 84

stores the following programs, modules, and data structures, or a subset thereof:

an image preprocessing and filtering module 90 for preprocessing and

filtering of the images of the illuminated volume acquired by the cameras;

a volume voxelization and reconstruction module 92 for voxelizing and

reconstructing the illuminated volume using the images acquired by the cameras;

an interrogation volume extraction module 94 for subdividing the
reconstructed and voxelized volume into a plurality of interrogation volumes and extracting

such interrogation volumes for further processing;

an interrogation volume projection module 96 for projecting an interrogation
volume back to the image plane of a specific camera, using the current calibration of that

camera,
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a template matching module 98 to quantify the degree of similarity between
a template and an acquired image for varying positions of the template within the acquired

image;

a module 100 for building up disparity maps by combining template

matching results for all interrogation volumes across all acquired image timesteps; and

an imaging equation correction module 102 for correcting the initial imaging

equation using the disparity maps for each camera.

[0098] Each of the above identified elements may be stored in one or more of the
previously mentioned memory devices, and corresponds to a set of instructions for
performing a function described above. The above identified modules or programs (i.e.,
sets of instructions) need not be implemented as separate software programs, procedures or
modules, and thus various subsets of these modules may be combined or otherwise re-
arranged in various embodiments. In some embodiments, the memory 84 may store a
subset of the modules and data structures identified above. Furthermore, the memory 84

may store additional modules and data structures not described above.

[0099] Although it shows a processing module 80, Figure 11 is intended more as
functional description of the various features which may be present in a management
module than as a structural schematic of the embodiments described herein. In practice, and
as recognized by those of ordinary skill in the art, items shown separately could be

combined and some items could be separated.

[00100] Although the foregoing description and accompanying drawings relate to
specific preferred embodiments of the present invention as presently contemplated by the
inventor, it will be understood that various changes, modifications and adaptations, may be

made without departing from the principles of the invention.
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WHAT IS CLAIMED 1S:

1. A computer-implemented method for calibrating a velocimetry system, the
velocimetry system including at least one camera for imaging an illuminated volume
comprising moving particles according to at least two different fields of view, the method

comprising:

receiving a preliminary calibration for the velocimetry system, the preliminary
calibration including a set of preliminary imaging equations for each one of the at least two

fields of view;

simultaneously acquiring different sets of images of the illuminated volume from

the at least two fields of view;

for each one of the different set of images, voxelizing and reconstructing the
illuminated volume, thereby obtaining a voxelized volume for each one of the different sets

of images;

dividing each voxelized volume into a plurality of interrogation volumes and
generating a template image of each one of the plurality of interrogation volumes for each
one of the at least two different fields of view using the corresponding set of preliminary

imaging equations;

for each interrogation volume and each one of the at least two different fields of
view, identifying a match between given clusters of particles contained in the
corresponding template image and corresponding clusters of particles contained in the

corresponding one of the different sets of images;

determining disparities between a position of the given clusters of particles within
the template image and a position of the corresponding clusters of particles within the

corresponding one of the different sets of images;
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for each one of the at least two fields of view, modifying the corresponding set of
preliminary imaging equations based on the determined disparities, thereby obtaining an

updated calibration; and
outputting the updated calibration.

2. The computer-implemented method of claim 1, wherein the set of preliminary
imaging equations corresponds to one of a direct linear transformation imaging model, a

pinhole imaging model and a Soloff imaging model.

3. The computer-implemented method of claim 1, wherein said receiving a

preliminary calibration includes determining the preliminary calibration.

4. The computer-implemented method of claim 3, wherein said determining the

preliminary calibration includes acquiring images of a pattern of a predefined geometry.

3. The computer-implemented method of claim 4, wherein the pattern includes
markers, at least one of a position of the markers and relative distances between the

markers being known.

6. The computer-implemented method of claim 4, wherein the pattern includes one of

a matrix of dots, crosshairs and chessboard crossings.

7. The computer-implemented method of claim 1, wherein said receiving a
preliminary calibration includes computing calibration coefficients for the set of

preliminary imaging equations based on a geometry of the velocimetry system.

8. The computer-implemented method of claim 1, wherein said voxelizing and
reconstructing the illuminated volume includes dividing the illuminated volume into a

plurality of voxels and assigning a grayscale value to each one of the plurality of voxels.

9. The computer-implemented method of claim 1, wherein a grid of voxels resulting

from said voxelizing is identical for each voxelized volume.
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10. The computer-implemented method of claim 1, wherein the interrogation volumes

have one of an ellipsoidal shape, a spherical shape and a cuboidal shape.

11. The computer-implemented method of claim 1, wherein at least two of the

interrogation volumes at least partially overlap one another.

12. The computer-implemented method of claim 1, wherein the interrogation volumes

are distinct from one another.

13. The computer-implemented method of claim 1, wherein said identifying a match
includes performing a search of a region of the corresponding one of the different sets of

images and the corresponding template.

14. The computer-implemented method of claim 13, wherein a center of the region of
the corresponding one of the different sets of images is determined by applying the set of

preliminary imaging equations to a center of the interrogation volume.

15. The computer-implemented method of claim 13, wherein said performing a search
includes shifting the corresponding template around within the region of the corresponding

one of the different sets of images.

16. The computer-implemented method of claim 1, wherein said identifying a match
includes determining a cross-correlation map between the corresponding one of the

different sets of images and the corresponding template.

17. The computer-implemented method of claim 16, wherein said determining a cross-
correlation map includes determining a plurality of cross-correlation maps for the different
sets of images obtained at different point in time, one of summing and multiplying the
cross-correlation maps together to obtain a unique cross-correlation map, and identifying a

correlation peak within the unique cross-correlation map.

18. The computer-implemented method of claim 1, wherein said identifying a match
includes applying one of a least squares matching method and a sum of absolute differences

method.
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19. The computer-implemented method of claim 1, wherein said determining disparities

includes determining statistics collected over several ones of the different sets of images.

20. The computer-implemented method of claim 1, wherein said determining disparities

includes generating a disparity map for each one of the at least two different fields of view.

21. The computer-implemented method of claim 1, further including applying an image
processing to the different sets of images of the illuminated volume prior to said voxelizing

and reconstructing the illuminated volume.

22. The computer-implemented method of claim 21, wherein said image processing
includes at least one of setting an image background to zero and increasing a size of the

particles.

23. The computer-implemented method of claim 1, wherein the at least one camera
includes at least two separate cameras each corresponding to a respective one of at least

two different fields of view.

24. The computer-implemented method of claim 1, wherein the at least one camera
includes a single camera adapted to image the illuminated volume according to the at least

two different fields of view.

25. The computer-implemented method of claim 1, wherein the single camera is a light-

field camera.

26. The computer-implemented method of claim 1, wherein the particles include at least

one of solid particles, droplets and bubbles.

27. An apparatus for calibrating a velocimetry system, the velocimetry system including
at least one camera for imaging an illuminated volume comprising moving particles
according to at least two different fields of view, the apparatus comprising: at least one
processing unit and a computer readable memory storing computer executable instructions
thereon that when executed by the at least one processing unit perform the method steps of

claim 1.
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28. A computer program product comprising a computer readable memory storing
computer executable instructions thereon that when executed by a computer perform the

method steps of claim 1.

29. An apparatus for calibrating a velocimetry system, the velocimetry system including
at least one camera for imaging an illuminated volume comprising moving particles

according to at least two different fields of view, the apparatus comprising:
a volume voxelization and reconstruction module for;

receiving a preliminary calibration for the velocimetry system, the
preliminary calibration including a set of preliminary imaging equations for each

one of the at least two different fields of view;

receiving different sets of images of the illuminated volume simultaneously

acquired from the at least two fields of view; and

for each one of the different set of images, voxelizing and reconstructing
the illuminated volume, thereby obtaining a voxelized volume for each one of the

different sets of images;

an interrogation volume extraction module for dividing each voxelized volume into

a plurality of interrogation volumes;

an interrogation volume projection module for generating a template image of each
one of the plurality of interrogation volumes for each one of the at least two different fields

of view using the corresponding set of preliminary imaging equations;

a template matching module for identifying, for each interrogation volume and each
one of the at least two different fields of view, a match between given clusters of particles
contained in the corresponding template image and corresponding clusters of particles

contained in the corresponding one of the different sets of images;
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a disparity module for determining disparities between a position of the given
clusters of particles within the template image and a position of the corresponding clusters

of particles within the corresponding one of the different sets of images; and
an imaging equation correction module for:

for each one of the at least two fields of view, modifying the corresponding
set of preliminary imaging equations based on the determined disparities, thereby

obtaining an updated calibration; and
outputting the updated calibration.
30. A velocimetry system comprising:

at least one camera for imaging an illuminated volume including moving particles

according to at least two different fields of view; and
a calibration apparatus including:
a volume voxelization and reconstruction module for:

receiving a preliminary calibration for the velocimetry system, the
preliminary calibration including a set of preliminary imaging equations for each

one of the at least two fields of view;

receiving different sets of images of the illuminated volume

simultaneously acquired from the at least two fields of view; and

for each one of the different set of images, voxelizing and
reconstructing the illuminated volume, thereby obtaining a voxelized volume for

each one of the different sets of images;

an interrogation volume extraction module for dividing each voxelized

volume into a plurality of interrogation volumes;

29



WO 2018/207032 PCT/IB2018/051574

an interrogation volume projection module for generating a template image
of each one of the plurality of interrogation volumes for each one of the at least two
different fields of view using the corresponding set of preliminary imaging

equations;

a template matching module for identifying, for each interrogation volume
and each one of the at least two different fields of view, a match between given
clusters of particles contained in the corresponding template image and
corresponding clusters of particles contained in the corresponding one of the

different sets of images;

a disparity module for determining disparities between a position of the
given clusters of particles within the template image and a position of the
corresponding clusters of particles within the corresponding one of the different sets

of images; and
an imaging equation correction module for:

for each one of the at least two fields of view, modifying the corresponding
set of preliminary imaging equations based on the determined disparities, thereby

obtaining an updated calibration; and

outputting the updated calibration.
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