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(57) Abstract: A method for calibrating a detector (110) com-
prising at least one camera (112) and at least one projector (114)
is proposed. The projector (114) is configured for illuminating
at least one target (126) with at least one predefined illumina-
tion pattern (118) comprising a plurality of illumination features
(120). The camera (112) has at least one sensor element (124)
having a matrix of optical sensors, the optical sensors each having
a light-sensitive area, wherein each optical sensor is designed to
generate at least one sensor signal in response to an illumination
of its respective light-sensitive area by a light beam propagating
from the target (126) to the camera (112). The target (126) com-
prises at least one first target (128) and at least one second target
(130). The first target (128) and the second target (130) have a
predefined fixed relative distance. The target (126) is positioned
at a pre-defined distance from the detector (110).
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One Shot Calibration

Description

Field of the invention

The invention relates to a method for calibrating a detector, a method for determining a position
of at least one object and a detector for determining a position of at least one object and a mo-
bile device. The invention further relates to various uses of the detector. The devices, methods
and uses according to the present invention specifically may be employed for example in vari-
ous areas of daily life, gaming, traffic technology, production technology, security technology,
photography such as digital photography or video photography for arts, documentation or tech-
nical purposes, medical technology or in the sciences. Further, the invention specifically may be
used for scanning one or more objects and/or for scanning a scenery, such as for generating a
depth profile of an object or of a scenery, e.g. in the field of architecture, metrology, archaeol-
ogy, arts, medicine, engineering or manufacturing. However, other applications are also possi-
ble.

Prior art

A 3D sensor such as an active triangulation system typically comprises at least one camera and
at least one light projector, e.g. structured light systems. Other triangulation systems like stereo
cameras may comprise at least of two cameras. For a proper three dimensional reconstruction
by triangulation the knowledge about the position and rotation of the components like camera
and projector are essential. Additionally, the three dimensional reconstruction by triangulation
requires also a solved correspondence of important points on the scene, e.g. laser spots, light
spots of the projector or detected edges captured by the camera. A three dimensional position
can be computed by the known translation and a relative rotation of the camera to the projector.
This parameter defines the extrinsic calibration of a triangulation system. Thus, the quality of the
three dimensional measurement results depends on the extrinsic calibration. Depending on the
hardware, already calibrated systems can be degenerated by physical stress or temperature
shifts, i.e. relative position and rotation changes in time. This may yield to false measurement
results. Obviously, the system can be repaired by an additional re-calibration process. Depend-
ing on the application this may also be time consuming and not practical.

Concepts for recalibration algorithms already exists, e.g. E. Rehder et al., “Online Stereo Cam-
era Calibration From Scratch”, June 2017, Conference: 2017 IEEE Intelligent Vehicles Sympo-
sium, DOI:10.1109/1VS.2017.7995952 and T. Dang, “Continuous Stereo Self-Calibration by
Camera Parameter Tracking”, August 2009 |IEEE Transactions on Image Processing 8(7):1536-
50, DOI:10.1109/TIP.2009.2017824. These recalibration approaches are based on finding cor-
respondences of features that must fulfill an equation system (e.g. epipolar condition) with re-
spect to the extrinsic parameters. Famous example is the eight-point algorithm. For example, in
case of a three dimensional measurement system with one camera and a laser dot projector,
the laser spots on the captured camera image may be assumed to be correctly assigned to the
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laser grid. That means that the correspondences are correctly found. The position of the laser
spots on the camera image and the relation of the reference laser grids can be used to get a lin-
ear equation system. This linear equation requires at least eight corresponding laser spots to
the reference grid. This equation can be solved by a least square fit. An adept usage of a singu-
lar value decomposition may determine the rotation and translation of camera and laser projec-
tor. However, the results may become very poorly if the correspondences are false.

Known calibration processes may be based on capturing static scenes with defined targets on
known distances. For the calibration of 3D sensor every device, e.g. smartphone, has to be
mounted on a special calibration device where some measurements have to be done. The 3D
sensor may measure images at a plurality of different distances to find a correlation of the pro-
jector and sensor’s optical path. Therefore, images may be recorded on a flat target at different
distances. Typically, a linear stage may be used, which approaches these positions. These im-
ages are then transferred to a calibration algorithm and the extrinsic calibration is calculated.
However, for scaling purposes, the calibration of 3D sensors has to be simplified. A multi-point
measurement of the setup with different distances needs time for each measurement and, thus,
is too time consuming.

CN113066134 A describes a visual sensor calibration method and device, electronic equipment
and a storage medium. The method comprises the steps of determining first coordinate values
of reference points on at least two calibration objects in a world coordinate system, wherein the
calibration object includes a first calibration object, the distance between the reference point on
the first calibration object and the visual sensor is greater than a first threshold value, and the
distance between the reference points on different first calibration objects is greater than a sec-
ond threshold value; determining a second coordinate value of the reference point in an image
collected by the visual sensor; and determining a to-be-calibrated parameter of the visual sen-
sor according to the first coordinate value and the second coordinate value. Further methods for
calibration are described in CN113109829 A and CN113052919 A.

Problem addressed by the invention

Itis therefore an object of the present invention to provide devices and methods facing the
above-mentioned technical challenges of known devices and methods. Specifically, it is an ob-
ject of the present invention to provide devices and methods allowing a simplified and less time
consuming calibration of a 3D sensor.

Summary of the invention

This problem is solved by the invention with the features of the independent patent claims. Ad-
vantageous developments of the invention, which can be realized individually or in combination,
are presented in the dependent claims and/or in the following specification and detailed embodi-
ments.
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In a first aspect of the present invention, a method for calibrating a detector comprising at least
one camera and at least one projector is disclosed.

The term “calibrating” as used herein is a broad term and is to be given its ordinary and custom-
ary meaning to a person of ordinary skill in the art and is not to be limited to a special or cus-
tomized meaning. The term specifically may refer, without limitation, to a process of finding at
least one correlation of the projector and a camera’s optical path. The calibration may comprise
compensating for misalignment of the projector and the camera. As used herein, the term
“alignment” is a broad term and is to be given its ordinary and customary meaning to a person
of ordinary skill in the art and is not to be limited to a special or customized meaning. The term
specifically may refer, without limitation, to a relative position and/or orientation of the camera
and the projector. As used herein, the term “misalignment” is a broad term and is to be given its
ordinary and customary meaning to a person of ordinary skill in the art and is not to be limited to
a special or customized meaning. The term specifically may refer, without limitation, to a devia-
tion of the relative position and/or orientation of the camera and the projector from a nominal rel-
ative position and/or orientation.

The term “detector” as used herein is a broad term and is to be given its ordinary and customary
meaning to a person of ordinary skill in the art and is not to be limited to a special or customized
meaning. The term specifically may refer, without limitation, to an arbitrary sensor device config-
ured for determining and/or detecting and/or sensing the at least one object. The detector may
be a stationary device or a mobile device. Further, the detector may be a stand-alone device or
may form part of another device, such as a computer, a vehicle or any other device. Further, the
detector may be a hand-held device. Other embodiments of the detector are feasible. The de-
tector may be one of attached to or integrated into a mobile device such as a mobile phone or
smartphone. The detector may be integrated in a mobile device, e.g. within a housing of the mo-
bile device. Additionally or alternatively, the detector, or at least one component of the detector,
may be attached to the mobile device such as by using a connector such as a USB or phone-
connector such as the headphone jack.

The term “projector”, also denoted as light projector, as used herein is a broad term and is to be
given its ordinary and customary meaning to a person of ordinary skill in the art and is not to be
limited to a special or customized meaning. The term specifically may refer, without limitation, to
an optical device configured to project at least one illumination pattern onto the object, specifi-
cally onto a surface of the object.

The projector is configured for illuminating at least one object with at least one illumination pat-
tern comprising a plurality of illumination features.

The term “pattern” as used herein is a broad term and is to be given its ordinary and customary
meaning to a person of ordinary skill in the art and is not to be limited to a special or customized
meaning. The term specifically may refer, without limitation, to an arbitrary known or pre-deter-
mined arrangement comprising a plurality of arbitrarily shaped features such as symbols. The
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pattern may comprise a plurality of features. The pattern may comprise an arrangement of peri-
odic or non-periodic features. The term “at least one illumination pattern” as used herein is a
broad term and is to be given its ordinary and customary meaning to a person of ordinary skill in
the art and is not to be limited to a special or customized meaning. The term specifically may
refer, without limitation, to at least one arbitrary pattern comprising the illumination features
adapted to illuminate at least one part of the object.

The term “illumination feature” as used herein is a broad term and is to be given its ordinary and
customary meaning to a person of ordinary skill in the art and is not to be limited to a special or
customized meaning. The term specifically may refer, without limitation, to at least one at least
partially extended feature of the pattern. The illumination pattern comprises a plurality of illumi-
nation features. The illumination pattern may be a regular, in particular periodic pattern. The illu-
mination pattern may comprise at least one pattern selected from the group consisting of: at
least one quasi random pattern; at least one Sobol pattern; at least one quasiperiodic pattern; at
least one point pattern, in particular a pseudo-random point pattern; at least one line pattern; at
least one stripe pattern; at least one checkerboard pattern; at least one triangular pattern; at
least one rectangular pattern; at least one hexagonal pattern or a pattern comprising further
convex tilings. The illumination pattern may exhibit the at least one illumination feature selected
from the group consisting of: at least one point; at least one line; at least two lines such as par-
allel or crossing lines; at least one point and one ling; at least one arrangement of periodic fea-
tures; at least one arbitrary shaped featured pattern. For example, the illumination pattern com-
prises at least one pattern comprising at least one pre-known feature. For example, the illumina-
tion pattern comprises at least one line pattern comprising at least one line. For example, the
illumination pattern comprises at least one line pattern comprising at least two lines such as par-
allel or crossing lines. For example, the projector may be configured for generate and/or to pro-
ject a cloud of points or non-point-like features. For example, the projector may be configured
for generate a cloud of points or non-point-like features such that the illumination pattern may
comprise a plurality of point features or non-point-like features.

As further used herein, the term “illuminating the object with at least one illumination pattern”
may refer to providing the at least one illumination pattern for illuminating the at least one ob-
ject.

The term “ray” as used herein is a broad term and is to be given its ordinary and customary
meaning to a person of ordinary skill in the art and is not to be limited to a special or customized
meaning. The term specifically may refer, without limitation, to a line that is perpendicular to
wavefronts of light which points in a direction of energy flow. The term “beam” as used herein is
a broad term and is to be given its ordinary and customary meaning to a person of ordinary skill
in the art and is not to be limited to a special or customized meaning. The term specifically may
refer, without limitation, to a collection of rays. In the following, the terms “ray” and “beam” will
be used as synonyms. The term “light beam” as used herein is a broad term and is to be given
its ordinary and customary meaning to a person of ordinary skill in the art and is not to be lim-
ited to a special or customized meaning. The term specifically may refer, without limitation, to an
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amount of light, specifically an amount of light traveling essentially in the same direction, includ-
ing the possibility of the light beam having a spreading angle or widening angle. The light beam
may have a spatial extension. Specifically, the light beam may have a non-Gaussian beam pro-
file. The beam profile may be selected from the group consisting of a trapezoid beam profile; a
triangle beam profile; a conical beam profile. The trapezoid beam profile may have a plateau re-
gion and at least one edge region. The light beam specifically may be a Gaussian light beam or
a linear combination of Gaussian light beams, as will be outlined in further detail below. Other
embodiments are feasible, however.

The projector may comprise at least one emitter and/or at least one array of emitters. Each of
the emitters may be configured for emitting at least one light beam.

The light beams generated by the emitters generally may propagate parallel to an optical axis or
tilted with respect to the optical axis, e.g. including an angle with the optical axis. The detector
may be configured such that the light beam or light beams propagates from the detector to-
wards the object along an optical axis of the detector. For this purpose, the detector may com-
prise at least one reflective element, preferably at least one prism, for deflecting the light beams
onto the optical axis. As an example, the light beams and the optical axis may include an angle
of less than 10°, preferably less than 5° or even less than 2°. Other embodiments, however, are
feasible. Further, the light beams may be on the optical axis or off the optical axis. As an exam-
ple, the light beam or light beams may be parallel to the optical axis having a distance of less
than 10 mm to the optical axis, preferably less than 5 mm to the optical axis or even less than 1
mm to the optical axis or may even coincide with the optical axis.

The term “emitter” as used herein is a broad term and is to be given its ordinary and customary
meaning to a person of ordinary skill in the art and is not to be limited to a special or customized
meaning. The term specifically may refer, without limitation, to at least one arbitrary device con-
figured for providing the at least one light beam for illumination of the object. Each of the emit-
ters may be and/or may comprise at least one element selected from the group consisting of at
least one laser source such as at least one semi-conductor laser, at least one double hetero-
structure laser, at least one external cavity laser, at least one separate confinement heterostruc-
ture laser, at least one quantum cascade laser, at least one distributed Bragg reflector laser, at
least one polariton laser, at least one hybrid silicon laser, at least one extended cavity diode la-
ser, at least one quantum dot laser, at least one volume Bragg grating laser, at least one Indium
Arsenide laser, at least one Gallium Arsenide laser, at least one transistor laser, at least one di-
ode pumped laser, at least one distributed feedback lasers, at least one quantum well laser, at
least one interband cascade laser, at least one semiconductor ring laser, at least one vertical
cavity surface-emitting laser (VCSEL); at least one non-laser light source such as at least one
LED or at least one light bulb.

The array of emitters may be a two-dimensional or one dimensional array. The array may com-
prise a plurality of emitters arranged in a matrix. The term “matrix” as used herein is a broad
term and is to be given its ordinary and customary meaning to a person of ordinary skill in the
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art and is not to be limited to a special or customized meaning. The term specifically may refer,
without limitation, to an arrangement of a plurality of elements in a predetermined geometrical
order. The matrix specifically may be or may comprise a rectangular matrix having one or more
rows and one or more columns. The rows and columns specifically may be arranged in a rec-
tangular fashion. However, other arrangements are feasible, such as nonrectangular arrange-
ments. As an example, circular arrangements are also feasible, wherein the elements are ar-
ranged in concentric circles or ellipses about a center point.

For example, the emitters may be an array of VCSELs. The term “vertical-cavity surface-emit-
ting laser” as used herein is a broad term and is to be given its ordinary and customary meaning
to a person of ordinary skill in the art and is not to be limited to a special or customized mean-
ing. The term specifically may refer, without limitation, to a semiconductor laser diode config-
ured for laser beam emission perpendicular with respect to a top surface. Examples for VCSELs
can be found e.g. in en.wikipedia.org/wiki/Vertical-cavity_surface-emitting_laser. VCSELs are
generally known to the skilled person such as from WO 2017/222618 A. Each of the VCSELs is
configured for generating at least one light beam. The VCSELs may be arranged on a common
substrate or on different substrates. The array may comprise up to 2500 VCSELSs. For example,
the array may comprise 38x25 VCSELSs, such as a high power array with 3.5 W. For example,
the array may comprise 10x27 VCSELs with 2.5 W. For example, the array may comprise 96
VCSELs with 0.9 W. A size of the array, e.g. of 2500 elements, may be up to 2 mm x 2 mm.

The light beam emitted by the respective emitter may have a wavelength of 300 to 1100nm,
preferably 500 to 1100 nm. For example, the light beam may have a wavelength of 940 nm. For
example, light in the infrared spectral range may be used, such as in the range of 780 nm to 3.0
pm. Specifically, the light in the part of the near infrared region where silicon photodiodes are
applicable specifically in the range of 700 nm to 1100 nm may be used. The emitters may be
configured for generating the at least one illumination pattern in the infrared region, in particular
in the near infrared region. Using light in the near infrared region may allows that light is not or
only weakly detected by human eyes and is still detectable by silicon sensors, in particular
standard silicon sensors. For example, the emitters may be an array of VCSELs. The VCSELs
may be configured for emitting light beams at a wavelength range from 800 to 1000 nm. For ex-
ample, the VCSELs may be configured for emitting light beams at 808 nm, 850 nm, 940 nm, or
980 nm. Preferably the VCSELs emit light at 940 nm, since terrestrial sun radiation has a local
minimum in irradiance at this wavelength, e.g. as described in CIE 085-1989 ,Solar spectral Ir-
radiance”.

The projector may comprises the transfer device configured for generating the illumination fea-
tures from the light beams impinging on the transfer device. The term “transfer device”, also de-
noted as “transfer system”, may generally refer to one or more optical elements which are
adapted to modify the light beam, such as by modifying one or more of a beam parameter of the
light beam, a width of the light beam or a direction of the light beam. The transfer device may
comprise at least one imaging optical device .The transfer device specifically may comprise one
or more of: at least one lens, for example at least one lens selected from the group consisting of
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at least one focus-tunable lens, at least one aspheric lens, at least one spheric lens, at least
one Fresnel lens; at least one diffractive optical element; at least one concave mirror; at least
one beam deflection element, preferably at least one mirror; at least one beam splitting element,
preferably at least one of a beam splitting cube or a beam splitting mirror; at least one multi-lens
system; at least one holographic optical element; at least one meta optical element. Specifically,
the transfer device comprises at least one refractive optical lens stack. Thus, the transfer device
may comprise a multi-lens system having refractive properties.

The projector may comprise at least one diffractive optical element (DOE) configured for gener-
ating the illumination pattern. The DOE may be configured for generating multiple light beams
from a single incoming light beam.

The camera has at least one sensor element having a matrix of optical sensors. The optical
sensors each having a light-sensitive area. Each optical sensor is designed to generate at least
one sensor signal in response to an illumination of its respective light-sensitive area by a light
beam propagating from the object to the camera.

As used herein, the term “camera” may refer to a device having at least one imaging element
configured for recording or capturing spatially resolved one-dimensional, two-dimensional or
even three-dimensional optical data or information. As an example, the camera may comprise
at least one camera chip, such as at least one CCD chip and/or at least one CMOS chip config-
ured for recording images. As used herein, without limitation, the term “image” specifically may
relate to data recorded by using a camera, such as a plurality of electronic readings from the im-
aging device, such as the pixels of the camera chip.

As used herein, the term “sensor element” may generally refer to a device or a combination of a
plurality of devices configured for sensing at least one parameter. In the present case, the pa-
rameter specifically may be an optical parameter, and the sensor element specifically may be
an optical sensor element. The sensor element may be formed as a unitary, single device or as
a combination of several devices. The matrix specifically may be or may comprise a rectangular
matrix having one or more rows and one or more columns. The rows and columns specifically
may be arranged in a rectangular fashion. However, other arrangements are feasible, such as
nonrectangular arrangements. As an example, circular arrangements are also feasible, wherein
the elements are arranged in concentric circles or ellipses about a center point. For example,
the matrix may be a single row of pixels. Other arrangements are feasible.

As used herein, an “optical sensor” generally may refer to a light-sensitive device for detecting a
light beam, such as for detecting an illumination and/or a light spot generated by at least one
light beam. As further used herein, a “light-sensitive area” generally refers to an area of the opti-
cal sensor which may be illuminated externally, by the at least one light beam, in response to
which illumination the at least one sensor signal is generated. The light-sensitive area may spe-
cifically be located on a surface of the respective optical sensor. Other embodiments, however,
are feasible. The optical sensors of the matrix specifically may be equal in one or more of size,
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sensitivity and other optical, electrical and mechanical properties. The light-sensitive areas of all
optical sensors of the matrix specifically may be located in a common plane, the common plane
preferably facing the object, such that a light beam propagating from the object to the detector
may generate a light spot on the common plane.

As used herein, the term “the optical sensors each having at least one light sensitive area” re-
fers to configurations with a plurality of single optical sensors each having one light sensitive
area and to configurations with one combined optical sensor having a plurality of light sensitive
areas. Thus, the term “optical sensor” furthermore refers to a light-sensitive device configured to
generate one output signal, whereas, herein, a light-sensitive device configured to generate two
or more output signals, for example at least one CCD and/or CMOS device, is referred to as two
or more optical sensors. Each optical sensor may be embodied such that precisely one light-
sensitive area is present in the respective optical sensor, such as by providing precisely one
light-sensitive area which may be illuminated, in response to which illumination precisely one
uniform sensor signal is created for the whole optical sensor. Thus, each optical sensor may be
a single area optical sensor. The use of the single area optical sensors, however, renders the
setup of the detector specifically simple and efficient. Thus, as an example, commercially avail-
able photo-sensors, such as commercially available silicon photodiodes, each having precisely
one sensitive area, may be used in the setup. Other embodiments, however, are feasible. Thus,
as an example, an optical device comprising two, three, four or more than four light-sensitive ar-
eas may be used which is regarded as two, three, four or more than four optical sensors in the
context of the present invention. As outlined above, the sensor element comprises a matrix of
optical sensors. Thus, as an example, the optical sensors may be part of or constitute a pixe-
lated optical device. As an example, the optical sensors may be part of or constitute at least one
CCD and/or CMOS device having a matrix of pixels, each pixel forming a light-sensitive area.

The optical sensors specifically may be or may comprise photodetectors, preferably inorganic
photodetectors, more preferably inorganic semiconductor photodetectors, most preferably sili-
con photodetectors. Specifically, the optical sensors may be sensitive in the infrared spectral
range. All of the optical sensors of the matrix or at least a group of the optical sensors of the
matrix specifically may be identical. Groups of identical optical sensors of the matrix specifically
may be provided for different spectral ranges, or all optical sensors may be identical in terms of
spectral sensitivity. Further, the optical sensors may be identical in size and/or with regard to
their electronic or optoelectronic properties.

Specifically, the optical sensors may be or may comprise inorganic photodiodes which are sen-
sitive in the infrared spectral range, preferably in the range of 780 nm to 3.0 micrometers. Spe-
cifically, the optical sensors may be sensitive in the part of the near infrared region where silicon
photodiodes are applicable specifically in the range of 700 nm to 1000 nm. Infrared optical sen-
sors which may be used for optical sensors may be commercially available infrared optical sen-
sors, such as infrared optical sensors commercially available under the brand name Hertz-
stueck™ from trinamiX GmbH, D-67056 Ludwigshafen am Rhein, Germany. Thus, as an exam-
ple, the optical sensors may comprise at least one optical sensor of an intrinsic photovoltaic
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type, more preferably at least one semiconductor photodiode selected from the group consisting
of: a Ge photodiode, an InGaAs photodiode, an extended InGaAs photodiode, an InAs photodi-
ode, an InSb photodiode, a HgCdTe photodiode. Additionally or alternatively, the optical sen-
sors may comprise at least one optical sensor of an extrinsic photovoltaic type, more preferably
at least one semiconductor photodiode selected from the group consisting of: a Ge:Au photodi-
ode, a Ge:Hg photodiode, a Ge:Cu photodiode, a Ge:Zn photodiode, a Si:Ga photodiode, a
Si:As photodiode. Additionally or alternatively, the optical sensors may comprise at least one
bolometer, preferably a bolometer selected from the group consisting of a VO bolometer and an
amorphous Si bolometer.

The matrix may be composed of independent optical sensors. Thus, a matrix may be composed
of inorganic photodiodes. Alternatively, however, a commercially available matrix may be used,
such as one or more of a CCD detector, such as a CCD detector chip, and/or a CMOS detector,
such as a CMOS detector chip.

Thus, generally, the optical sensors of the detector may form a sensor array or may be part of a
sensor array, such as the above-mentioned matrix. Thus, as an example, the detector may
comprise an array of optical sensors, such as a rectangular array, having m rows and n col-
umns, with m, n, independently, being positive integers. Preferably, more than one column and
more than one row is given, i.e. n>1, m>1. Thus, as an example, n may be 2 to 16 or higher and
m may be 2 to 16 or higher. Preferably, the ratio of the number of rows and the number of col-
umns is close to 1. As an example, n and m may be selected such that 0.3 < m/n < 3, such as
by choosing m/n = 1:1, 4:3, 16:9 or similar. As an example, the array may be a square array,
having an equal number of rows and columns, such as by choosing m=2, n=2 or m=3, n=3 or
the like.

The matrix specifically may be a rectangular matrix having at least one row, preferably a plural-
ity of rows, and a plurality of columns. As an example, the rows and columns may be oriented
essentially perpendicular, wherein, with respect to the term “essentially perpendicular”, refer-
ence may be made to the definition given above. Thus, as an example, tolerances of less than
20°, specifically less than 10° or even less than 5°, may be acceptable. In order to provide a
wide range of view, the matrix specifically may have at least 10 rows, preferably at least 50
rows, more preferably at least 100 rows. Similarly, the matrix may have at least 10 columns,
preferably at least 50 columns, more preferably at least 100 columns. The matrix may comprise
at least 50 optical sensors, preferably at least 100 optical sensors, more preferably at least 500
optical sensors. The matrix may comprise a number of pixels in a multi-mega pixel range. Other
embodiments, however, are feasible. Thus, in setups in which an axial rotational symmetry is to
be expected, circular arrangements or concentric arrangements of the optical sensors of the
matrix, which may also be referred to as pixels, may be preferred.

The sensor element may be oriented essentially perpendicular to an optical axis of the detector.
Again, with respect to the term “essentially perpendicular”, reference may be made to the defini-
tion and the tolerances given above. The optical axis may be a straight optical axis or may be
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bent or even split, such as by using one or more deflection elements and/or by using one or
more beam splitters, wherein the essentially perpendicular orientation, in the latter cases, may
refer to the local optical axis in the respective branch or beam path of the optical setup.

The reflection light beam may propagate from the object towards the camera. The reflection
light beam may originate from the object. The projector may illuminate the object with the at
least one illumination pattern and the light is remitted, reflected and/or scattered by the object
and, thereby, is at least partially directed as “reflection light beams” towards the camera.

The light beam generated by the object, also denoted as reflection light beam, specifically may
fully illuminate the sensor element such that the sensor element is fully located within the light

beam with a width of the light beam being larger than the matrix. Contrarily, preferably, the re-

flection light beam specifically may create a light spot on the entire matrix which is smaller than
the matrix, such that the light spot is fully located within the matrix. This situation may easily be
adjusted by a person skilled in the art of optics by choosing one or more appropriate lenses or

elements having a focusing or defocusing effect on the light beam, such as by using an appro-
priate transfer device.

The light-sensitive areas specifically may be oriented towards the object. As used herein, the
term “is oriented towards the object” generally refers to the situation that the respective surfaces
of the light-sensitive areas are fully or partially visible from the object. Specifically, at least one
interconnecting line between at least one point of the object and at least one point of the re-
spective light-sensitive area may form an angle with a surface element of the light-sensitive
area which is different from 0°, such as an angle in the range of 20° to 90°, preferably 80 to 90°
such as 90°. Thus, when the object is located on the optical axis or close to the optical axis, the
light beam propagating from the object towards the detector may be essentially parallel to the
optical axis. As used herein, the term “essentially perpendicular” refers to the condition of a per-
pendicular orientation, with a tolerance of e.g. £20° or less, preferably a tolerance of £10° or
less, more preferably a tolerance of £5° or less. Similarly, the term “essentially parallel” refers to
the condition of a parallel orientation, with a tolerance of e.g. £20° or less, preferably a tolerance
of £10° or less, more preferably a tolerance of £5° or less.

The optical sensors may be sensitive in one or more of the ultraviolet, the visible or the infrared
spectral range. Specifically, the optical sensors may be sensitive in the visible spectral range
from 500 nm to 780 nm, most preferably at 650 nm to 750 nm or at 690 nm to 700 nm. Specifi-
cally, the optical sensors may be sensitive in the near infrared region. Specifically, the optical
sensors may be sensitive in the part of the near infrared region where silicon photodiodes are
applicable specifically in the range of 700 nm to 1000 nm. The optical sensors, specifically, may
be sensitive in the infrared spectral range, specifically in the range of 780 nm to 3.0 microme-
ters. For example, the optical sensors each, independently, may be or may comprise at least
one element selected from the group consisting of a photodiode, a photocell, a photoconductor,
a phototransistor or any combination thereof. For example, the optical sensors may be or may
comprise at least one element selected from the group consisting of a CCD sensor element, a
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CMOS sensor element, a photodiode, a photocell, a photoconductor, a phototransistor or any
combination thereof. Any other type of photosensitive element may be used. The photosensitive
element generally may fully or partially be made of inorganic materials and/or may fully or par-
tially be made of organic materials. Most commonly, one or more photodiodes may be used,
such as commercially available photodiodes, e.g. inorganic semiconductor photodiodes.

As further used herein, a “sensor signal” generally refers to a signal generated by an optical
sensor in response to the illumination by the light beam. Specifically, the sensor signal may be
or may comprise at least one electrical signal, such as at least one analogue electrical signal
and/or at least one digital electrical signal. More specifically, the sensor signal may be or may
comprise at least one voltage signal and/or at least one current signal. More specifically, the
sensor signal may comprise at least one photocurrent. Further, either raw sensor signals may
be used, or the detector, the optical sensor or any other element may be configured for process
or preprocess the sensor signal, thereby generating secondary sensor signals, which may also
be used as sensor signals, such as preprocessing by filtering or the like.

The term “object” as used herein is a broad term and is to be given its ordinary and customary
meaning to a person of ordinary skill in the art and is not to be limited to a special or customized
meaning. The term specifically may refer, without limitation, to an arbitrary object, in particular a
surface or region, which is configured for reflecting and/or scattering at least partially at least
one light beam impinging on the object. The light beam may originate from a projector illuminat-
ing the object, wherein the light beam is reflected and/or scattered by the object.

The object used for the method for calibrating a detector according to the present invention is a
target. The target is positioned at a pre-defined distance from the detector. The term “prede-
fined distance” may refer to a relative distance between the target and the detector. Specifically,
the predefined distance may be a longitudinal coordinate. The method may comprise manually
or automatically positioning the target to the predefined distance, e.g. by using at least one z-
stage. The method may comprise at least one positioning step comprising positioning of the tar-
get at the pre-defined distance.

The target comprises at least one first target and at least one second target. For example, the
target may comprise two target screens. As used herein, the term “target screen” may refer to a
projection screen having a planar surface configured for displaying a projected light beam. For
example, the target screens may be non-transparent screens. The projector and the camera
may be arranged on the same side of the target screens.

The method steps may be performed in the given order or may be performed in a different or-
der. Further, one or more additional method steps may be present which are not listed. Further,

one, more than one or even all of the method steps may be performed repeatedly.

The method comprises the following steps:
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a)

b)

d)

el)

e2)

illuminating the first target with a first part of the illumination pattern and illuminating
the second target with a second part of the illumination pattern by using the projec-
tor, wherein the first and second part of the illumination pattern differ, and imaging
by using the camera at least one combined reflection image of the illuminated first
target and the illuminated second target, wherein the combined reflection image
comprises a plurality of first reflection features generated by the first target in re-
sponse to the first part of the illumination pattern and a plurality of second reflection
features generated by the second target in response to the second part of the illumi-
nation pattern;

splitting the combined reflection image into a first reflection image and a second re-
flection image by using at least one evaluation device of the detector, wherein the
first reflection image comprises the first reflection features and the second reflection
image comprises the second reflection features;

for the first reflection image, reconstructing by using the evaluation device missing
reflection features relating to the second part of the illumination pattern using the
predefined illumination pattern, and, for the second reflection image, reconstructing
by using the evaluation device missing reflection features relating to the first part of
the illumination pattern using the predefined illumination pattern;

determining by using the evaluation device a first reconstructed image by adding the
reconstructed reflection features relating to the second part of the illumination pat-
tern to the first reflection image and determining by using the evaluation device a
second reconstructed image by adding the reconstructed reflection features relating
to the first part of the illumination pattern to the second reflection image;

evaluating the first reconstructed image and the second reconstructed image by us-
ing the evaluation device, wherein the evaluation comprises

matching reflection features of the first reconstructed image to reflection features of
the second reconstructed image considering the predefined distance of the target
and the predefined fixed relative distance of the first target and the second target
thereby determining pairs of matched reflection features;

determining an epipolar line for each of the pairs of the matched reflection features,
wherein the respective matched reflection features lie on the epipoloar line;

f) determining at least one extrinsic calibration information of the detector using the deter-
mined epiploar lines by using the evaluation device.

The first target and the second target have a predefined fixed relative distance. The “predefined
fixed relative distance” may refer to a relative position between the first target and the second
target which is unchanged and/or invariable at least during imaging of the combined reflection
image. The first target and the second target have fixed relative x, y and z coordinates in space.
The target may comprise a distinct step. The target may comprise at least one mechanical ele-
ment and/or at least one mechanical structure configured for holding the first and the second
target at the predefined fixed relative distance. The mechanical element and/or at least one me-
chanical structure may comprise at least one optical bench and/or at least one optical rail. The
mechanical element and/or the mechanical structure may be configured for allowing to set
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and/or adapt the relative distance between the first target and the second target, however, be-
fore and/or after the illuminating and imaging only. Alternatively, the mechanical element and/or
the mechanical structure may be configured for permanently fixing the relative distance between
the first target and the second target. The first target and the second target may form a static
structure. As used herein, the term “static” structure may refer to static at least during illuminat-
ing and imaging. For example, the first target and the second target may be two target screens
positioned at different longitudinal coordinates (z), in particular one behind the other. At least
one of the transversal coordinates (x and/or y) may be different, too, such that simultaneous illu-
mination and imaging of the first target and the second target is possible.

The first target may be arranged on a front of a measuring range of the detector and the second
target may be arranged on a back of the measuring range of the detector. Specifically, the sur-
faces of the first target and the second target are positioned on the front and the back of the
measuring range. The first target may be a front target and the second target may be a rear tar-
get. The term “measuring range” as used herein is a broad term and is to be given its ordinary
and customary meaning to a person of ordinary skill in the art and is not to be limited to a spe-
cial or customized meaning. The term specifically may refer, without limitation, to a range in
which measurement deviations remain within specified limits. For example, the fixed relative dis-
tance may be 600 mm. For example, the first target may be positioned at a distance of 200 mm
from the detector and the second target may be positioned at a distance of 800 mm from the
detector.

The detector, e.g. the camera may comprise a further transfer device configured for guiding the
light beam onto the optical sensors and for forming the reflection image on the sensor element.
The further transfer device may constitute a coordinate system, wherein a longitudinal coordi-
nate z is a coordinate along an optical axis of the transfer device. The coordinate system may
be a polar coordinate system in which the optical axis of the transfer device forms a z-axis and
in which a distance from the z-axis and a polar angle may be used as additional coordinates.
For example, the further transfer device may constitute a coordinate system in which an optical
axis of the detector forms the z-axis and in which, additionally, an x-axis and a y-axis may be
provided which are perpendicular to the z-axis and which are perpendicular to each other. As an
example, the detector may rest at a specific point in this coordinate system, such as at the
origin of this coordinate system. A direction parallel or antiparallel to the z-axis may be consid-
ered a longitudinal direction, and a coordinate along the z-axis may be considered a longitudinal
coordinate. Any direction perpendicular to the z-axis may be considered a transversal direction,
and the polar coordinate and/or the polar angle may be considered a transversal coordinate. Al-
ternatively, other types of coordinate systems may be used. Thus, as an example, a polar coor-
dinate system may be used in which the optical axis forms a z-axis and in which a distance from
the z-axis and a polar angle may be used as additional coordinates. A direction parallel or anti-
parallel to the z-axis may be considered a longitudinal direction, and a coordinate along the z-
axis may be considered a longitudinal coordinate. Any direction perpendicular to the z-axis may
be considered a transversal direction, and the polar coordinate and/or the polar angle may be
considered a transversal coordinate.
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The first part of the illumination pattern and the second part of the illumination pattern may be
halves of the illumination pattern. Half of the illumination features of the illumination pattern may
be projected on the first target and the other half may be projected on the second target.

As used herein, the term “reflection image” may generally refer to an image determined by the
camera comprising a plurality of reflection features. As used herein, the term “reflection feature”
may generally refer to a feature in an image plane generated by the object in response to illumi-
nation with at least one illumination feature. The reflection image may comprise the at least one
reflection pattern comprising the reflection features. As used herein, the term “imaging at least
one reflection image” refers to one or more of capturing, recording and generating of the reflec-
tion image.

The term “combined reflection image” as used herein is a broad term and is to be given its ordi-
nary and customary meaning to a person of ordinary skill in the art and is not to be limited to a
special or customized meaning. The term specifically may refer, without limitation, to an image
comprising both of a reflection image of the illuminated first target and a reflection image of the
illuminated second target. Specifically, the combined reflection image is one single image im-
aged by one single shot of the camera. Only one image may be taken with half of the illumina-
tion features projected on the first target, the other half on the second target.

Each of the reflection features comprises at least one beam profile. As used herein, the term
“beam profile” generally may refer to a spatial distribution, in particular in at least one plane per-
pendicular to the propagation of the light beam, of an intensity of the light beam. The beam pro-
file may be a transverse intensity profile of the light beam. The beam profile may be a cross
section of the light beam. The beam profile may be selected from the group consisting of a trap-
ezoid beam profile; a triangle beam profile; a conical beam profile and a linear combination of
Gaussian beam profiles. Other embodiments are feasible, however.

The term “evaluation device” generally may refer to an arbitrary device adapted to perform the
named operations, preferably by using at least one data processing device and, more prefera-
bly, by using at least one processor and/or at least one application-specific integrated circuit.
Thus, as an example, the at least one evaluation device may comprise at least one data pro-
cessing device having a software code stored thereon comprising a number of computer com-
mands. The evaluation device may provide one or more hardware elements for performing one
or more of the named operations and/or may provide one or more processors with software run-
ning thereon for performing one or more of the named operations. Operations, including evalu-
ating the images. Thus, as an example, one or more instructions may be implemented in soft-
ware and/or hardware. Thus, as an example, the evaluation device may comprise one or more
programmable devices such as one or more computers, application-specific integrated circuits
(ASICs), Digital Signal Processors (DSPs), or Field Programmable Gate Arrays (FPGAs) which
are configured to perform the above-mentioned evaluation. Additionally or alternatively, how-
ever, the evaluation device may also fully or partially be embodied by hardware.
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The evaluation device may be or may comprise one or more integrated circuits, such as one or
more application-specific integrated circuits (ASICs), and/or one or more data processing de-
vices, such as one or more computers, preferably one or more microcomputers and/or micro-
controllers, Field Programmable Arrays, or Digital Signal Processors. Additional components
may be comprised, such as one or more preprocessing devices and/or data acquisition devices,
such as one or more devices for receiving and/or preprocessing of the sensor signals, such as
one or more AD-converters and/or one or more filters. Further, the evaluation device may com-
prise one or more measurement devices, such as one or more measurement devices for meas-
uring electrical currents and/or electrical voltages. Further, the evaluation device may comprise
one or more data storage devices. Further, the evaluation device may comprise one or more in-
terfaces, such as one or more wireless interfaces and/or one or more wire-bound interfaces.

The evaluation device can be connected to or may comprise at least one further data pro-
cessing device that may be used for one or more of displaying, visualizing, analyzing, distrib-
uting, communicating or further processing of information, such as information obtained by the
optical sensor and/or by the evaluation device. The data processing device, as an example,
may be connected or incorporate at least one of a display, a projector, a monitor, an LCD, a
TFT, a loudspeaker, a multichannel sound system, an LED pattern, or a further visualization de-
vice. It may further be connected or incorporate at least one of a communication device or com-
munication interface, a connector or a port, capable of sending encrypted or unencrypted infor-
mation using one or more of email, text messages, telephone, Bluetooth, Wi-Fi, infrared or inter-
net interfaces, ports or connections. It may further be connected to or incorporate at least one of
a processor, a graphics processor, a CPU, an Open Multimedia Applications Platform
(OMAPTM), an integrated circuit, a system on a chip such as products from the Apple A series
or the Samsung S3C2 series, a microcontroller or microprocessor, one or more memory blocks
such as ROM, RAM, EEPROM, or flash memory, timing sources such as oscillators or phase-
locked loops, counter-timers, real-time timers, or power-on reset generators, voltage regulators,
power management circuits, or DMA controllers. Individual units may further be connected by
buses such as AMBA buses or be integrated in an Internet of Things or Industry 4.0 type net-
work.

The evaluation device and/or the data processing device may be connected by or have further
external interfaces or ports such as one or more of serial or parallel interfaces or ports, USB,
Centronics Port, FireWire, HDMI, Ethernet, Bluetooth, RFID, Wi-Fi, USART, or SPI, or analogue
interfaces or ports such as one or more of ADCs or DACs, or standardized interfaces or ports to
further devices such as a 2D-camera device using an RGB-interface such as CameralLink. The
evaluation device and/or the data processing device may further be connected by one or more
of interprocessor interfaces or ports, FPGA-FPGA-interfaces, or serial or parallel interfaces
ports. The evaluation device and the data processing device may further be connected to one or
more of an optical disc drive, a CD-RW drive, a DVD+RW drive, a flash drive, a memory card, a
disk drive, a hard disk drive, a solid state disk or a solid state hard disk.
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The evaluation device and/or the data processing device may be connected by or have one or
more further external connectors such as one or more of phone connectors, RCA connectors,
VGA connectors, hermaphrodite connectors, USB connectors, HDMI connectors, 8P8C con-
nectors, BCN connectors, |IEC 60320 C14 connectors, optical fiber connectors, D-subminiature
connectors, RF connectors, coaxial connectors, SCART connectors, XLR connectors, and/or
may incorporate at least one suitable socket for one or more of these connectors.

The term “splitting the combined reflection image” as used herein is a broad term and is to be
given its ordinary and customary meaning to a person of ordinary skill in the art and is not to be
limited to a special or customized meaning. The term specifically may refer, without limitation, to
dividing the combined reflection image into two image regions. The method may comprise de-
termining an edge within the combined reflection image by using the evaluation device. The
combined reflection image may be split into the first reflection image and the second reflection
image at the position of the edge.

As used herein, the term “related to a part of the illumination pattern” may refer to reflection fea-
tures being generated by the respective part of the illumination pattern. As outlined above, by
construction, the first reflection image may comprise only reflection features generated by the
first part of the illumination pattern and the second reflection image may comprise only reflection
features generated by the second part of the illumination pattern. Thus, in the first reflection im-
age, the reflection features that would have been generated by the second part of the illumina-
tion pattern are missing and in the second reflection image the reflection features that would
have been generated by the first part of the illumination pattern are missing. The term “missing
reflection feature” as used herein is a broad term and is to be given its ordinary and customary
meaning to a person of ordinary skill in the art and is not to be limited to a special or customized
meaning. The term specifically may refer, without limitation, to reflection features that would
have been generated by the part of the illumination pattern which has not illuminated the re-
spective target.

In step ¢), for the first and second reflection images the missing reflection features are recon-
structed using the predefined illumination pattern. The predefined illumination pattern, also de-
noted as nominal grid, as outlined above, may be a periodically and regular pattern having pre-
defined positions of the illumination features and predefined distances between the illumination
features. The evaluation device may be configured for determining the reflection features miss-
ing in the first reflection image and in the second reflection image using the nominal grid. For
example, the evaluation device may be configured for comparing the reflection features of the
first reflection image with the nominal grid and the reflection features of the second reflection
image with the nominal grid for determining the missing reflection features. However, embodi-
ments are feasible in which the evaluation device simply assumes that the reflection features of
the other part of the illumination pattern are missing and proceeds with reconstructing the as-
sumed missing reflection features.
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The term “reconstructing” as used herein is a broad term and is to be given its ordinary and cus-
tomary meaning to a person of ordinary skill in the art and is not to be limited to a special or
customized meaning. The term specifically may refer, without limitation, to determining a posi-
tion of a reflection feature in the reflection image. For the reconstruction, the nominal grid may
be used. The reconstruction may comprise adapting the position of the illumination features
within the nominal grid to an assumed position within the reflection image. The evaluation de-
vice may be configured for determining the regularity and/or periodicity of a first reflection pat-
tern comprising the first reflection features of the first reflection image. The evaluation device
may be configured for determining a second reflection pattern comprising the second reflection
features of the second reflection image. The evaluation device may be configured for recon-
structing, for the first reflection image, the missing reflection features relating to the second part
of the illumination pattern by adapting the position of the illumination features of the second part
of the illumination pattern considering the determined he regularity and/or periodicity of the first
reflection pattern. The evaluation device may be configured for reconstructing, for the second
reflection image, the missing reflection features relating to the first part of the illumination pat-
tern by adapting the position of the illumination features of the first part of the illumination pat-
tern considering the determined the regularity and/or periodicity of the second reflection pattern.
With the help of the nominal grid, the missing part of the reflection pattern can be reconstructed
on both halves.

Step d) comprises determining the first reconstructed image by adding the reconstructed reflec-
tion features relating to the second part of the illumination pattern to the first reflection image
and determining the second reconstructed image by adding the reconstructed reflection fea-
tures relating to the first part of the illumination pattern to the second reflection image. The term
“reconstructed image” as used herein is a broad term and is to be given its ordinary and cus-
tomary meaning to a person of ordinary skill in the art and is not to be limited to a special or
customized meaning. The term specifically may refer, without limitation, to an image comprising
on one half of the image imaged reflection features and on another half of the image recon-
structed reflection features. These two reconstructed images are used for calibration.

Step €) comprises evaluating the first reconstructed image and the second reconstructed im-
age.

The method may comprise identifying the reflection features in the first reconstructed image and
the second reconstructed image by using at least one image analysis and/or image processing
algorithm. The evaluation device may be configured for selecting reflection features of the re-
spective first and second reconstructed images. As used herein, the term “select at least one
reflection feature” may generally refer to one or more of identifying, determining and choosing at
least one reflection feature of the reconstructed image. The evaluation device may be config-
ured for performing at least one image analysis and/or image processing in order to identify the
reflection features. The image analysis and/or image processing may use at least one feature
detection algorithm. The image analysis and/or image processing may comprise one or more of
the following: afiltering; a selection of at least one region of interest; a formation of a difference
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image between an image created by the sensor signals and at least one offset; an inversion of
sensor signals by inverting an image created by the sensor signals; a formation of a difference
image between an image created by the sensor signals at different times; a background correc-
tion; a decomposition into color channels; a decomposition into hue; saturation; and brightness
channels; a frequency decomposition; a singular value decomposition; applying a Canny edge
detector; applying a Laplacian of Gaussian filter; applying a Difference of Gaussian filter; apply-
ing a Sobel operator; applying a Laplace operator; applying a Scharr operator; applying a
Prewitt operator; applying a Roberts operator; applying a Kirsch operator; applying a high-pass
filter; applying a low-pass filter; applying a Fourier transformation; applying a Radon-transfor-
mation; applying a Hough-transformation; applying a wavelet-transformation; a thresholding;
creating a binary image. The region of interest may be determined manually by a user or may
be determined automatically, such as by recognizing an object within the image.

The evaluation device may be configured for performing at least one image correction. The im-
age correction may comprise at least one background subtraction. The evaluation device may
be adapted to remove influences from background light from the beam profile, for example, by
an imaging without further illumination.

The evaluation device may be configured for matching the reflection features of the first recon-
structed image and the second reconstructed image considering the predefined distance of the
target and the predefined fixed relative distance of the first target and the second target. The
evaluation device may be configured for unambiguously matching the reflection features of the
first reconstructed image and the second reconstructed image considering the predefined dis-
tance of the target and the predefined fixed relative distance of the first target and the second
target. As used herein, the term “matching” may refer to identifying and/or determining and/or
evaluating the corresponding reflection features of the first and second reconstructed images.
As used herein, the term “corresponding reflection features” may refer to the fact that each of
the reflection feature of the first reconstructed image has a corresponding reflection feature in
the second reconstructed image that is generated (or would have been generated) by the same
illumination feature. As used herein, the term “unambiguously matching” may refer to that only
one reflection feature of the first reconstructed image is assigned to one reflection feature of the
second reconstructed image and/or that no other reflection feature(s) of the first reconstructed
image can be assigned to the same reflection feature of the second reconstructed image and
vice versa. As the predefined distances are known, no correspondence problem needs to be
solved. Thus, the method may comprise numbering each of the reflection features of the first re-
constructed image and the second reconstructed image and matching the corresponding num-
bers. After step e1), pairs of matched reflection features are known, including their pixel coordi-
nates and their respective predefined distances.

The method further comprises in step €2) determining an epipolar line for each of the pairs of
the matched reflection features. The epipolar line for each of the pairs of the matched reflection
features is defined by the fact that the respective matched reflection features lie on the same
epipoloar line. The evaluation device may be configured for determining the epipolar line using
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the pixel coordinates and predefined distances of the matched the reflection features. For de-
scription of epipolar geometry reference is made, for example, to chapter 2 in X. Jiang, H.
Bunke: ,Dreidimensionales Computersehen® Springer, Berlin Heidelberg, 1997.

Step f) comprises determining an extrinsic calibration information of the detector, in particular of
the camera and the projector, using the determined epiploar lines by using the evaluation de-
vice. The method may comprise calculating according to the epipolarline geometry the extrinsic
calibration information. The method may comprise determining the extrinsic calibration infor-
mation by evaluating one or more of tilt, shift, distortion of the epipolar lines. For example, the
extrinsic calibration information is at least one information selected from the group consisting of:
rotation angles between the projector and the camera, translation components between the pro-
jector and the camera, aperture angles, center of the sensor element, apertures, focal distance.
For example, a translation in z, in particular a z-offset between projector and camera, may lead
to tilted epipolar lines. For example, a rotation around the x-axis may lead to a shifted pattern of
epipolar lines and trapezoidal distortion.

The method may comprise comparing the extrinsic calibration information to at least one prede-
fined nominal value by using the evaluation device thereby determining a correction for an align-
ment of the projector and the camera. For example, the predefined nominal value may be at
least one predefined nominal value selected from the group consisting of rotation angles be-
tween the projector and the camera, translation components between the projector and the
camera, aperture angles, center of the sensor element, apertures, focal distance. For example,
the predefined nominal value may be a nominal distance value of a translation between the pro-
jector and the camera. For example, the nominal value for rotation may be 0° such that the pro-
jector and the camera are considered to be positioned in the same plane. The comparing may
comprise using at least one mathematical operation for comparing the extrinsic calibration infor-
mation and the predefined nominal values.

The method may comprise correcting the alignment of the projector and the camera in case the
extrinsic calibration information exceeds the predefined nominal value by more than at least one
predefined tolerance range. As used herein, the term “correcting” may refer to compensating for
a determined misalignment. The correcting of the alignment may comprise adapting a relative
position of the projector and the camera, e.g. during manufacturing of the detector, and/or cor-
recting an imaged reflection image, e.g. during operation of the detector. For example, the pre-
defined tolerance range may be £ 10% of the nominal value, preferably +5% of the nominal
value, more preferably +1% of the nominal value. Other embodiments of tolerance ranges, how-
ever, are feasible. In case no deviation of the extrinsic calibration information and the respective
nominal value within the predefined tolerance range is found, the alignment of the projector and
the camera is considered to be “properly”. In this case no correction may be required.

The method may comprise at least one verification step, wherein the verifications step com-
prises repeating steps a) to f) and comparing the extrinsic calibration information to the at least
one predefined nominal value for verifying if the correction is successful such that the extrinsic
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calibration information corresponds to the predefined nominal value at least one within the pre-
defined tolerance range.

In a further aspect, a method for determining a position of at least one object is disclosed. The
method comprises calibrating a detector by using the method for calibrating according to the
present invention. Thus, with respect to definitions and embodiments reference is made to the
method for calibrating according to the present invention.

The method steps may be performed in the given order or may be performed in a different or-
der. Further, one or more additional method steps may be present which are not listed. Further,
one, more than one or even all of the method steps may be performed repeatedly.

The method further comprises the following steps:

- illuminating at least one object with at least one illumination pattern comprising a plurality
of illumination features by using the projector and imaging by using the camera at least
one reflection image comprising a plurality of reflection features generated by the object
in response to illumination by the illumination features, wherein each of the reflection
features comprises at least one beam profile;

- determining at least one longitudinal coordinate for each of the reflection features by
analysis of its respective beam profile by using at least one evaluation device of the de-
tector.

In the context of distance measurement, the object may be an arbitrary object. For example, the
object may be a human, in particular a human face.

As used herein, the term “position” may refer to at least one item of information regarding a lo-
cation of the object and/or at least one part of the object in space. Thus, the at least one item of
information may imply at least one distance between at least one point of the object and the at
least one detector. The distance may be a longitudinal coordinate or may contribute to deter-
mining a longitudinal coordinate of the point of the object. Additionally or alternatively, one or
more other items of information regarding the location of the object and/or at least one part of
the object may be determined. As an example, additionally, at least one transversal coordinate
of the object and/or at least one part of the object may be determined. Thus, the position of the
object may imply at least one longitudinal coordinate of the object and/or at least one part of the
object. Additionally or alternatively, the position of the object may imply at least one transversal
coordinate of the object and/or at least one part of the object. Moreover, the position may imply
information about orientation of the object in space. As used herein, the term “orientation” may
refer to angular position of the object in space. The orientation may be given by three spatial an-
gles.

The analysis of the beam profile may comprise determining at least one first area and at least
one second area of the beam profile. The evaluation device may be configured for deriving a
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combined signal Q by one or more of dividing the first area and the second area, dividing multi-
ples of the first area and the second area, dividing linear combinations of the first area and the
second area. The determining of the longitudinal coordinate further may comprise using at least
one predetermined relationship between the combined signal Q and a longitudinal coordinate
for determining the longitudinal coordinate of the object.

The evaluation device is configured for determining at least one longitudinal coordinate, also de-
noted as zppr, for each of the reflection features by analysis of their beam profiles. As used
herein, the term “analysis of the beam profile” may generally refer to evaluating of the beam
profile and may comprise at least one mathematical operation and/or at least one comparison
and/or at least symmetrizing and/or at least one filtering and/or at least one normalizing. For ex-
ample, the analysis of the beam profile may comprise at least one of a histogram analysis step,
a calculation of a difference measure, application of a neural network, application of a machine
learning algorithm. The evaluation device may be configured for symmetrizing and/or for nor-
malizing and/or for filtering the beam profile, in particular to remove noise or asymmetries from
recording under larger angles, recording edges or the like. The evaluation device may filter the
beam profile by removing high spatial frequencies such as by spatial frequency analysis and/or
median filtering or the like. Summarization may be performed by center of intensity of the light
spot and averaging all intensities at the same distance to the center. The evaluation device may
be configured for normalizing the beam profile to a maximum intensity, in particular to account
for intensity differences due to the recorded distance. The evaluation device may be configured
for removing influences from background light from the beam profile, for example, by an imag-
ing without illumination.

The reflection feature may cover or may extend over at least one pixel of the image. For exam-
ple, the reflection feature may cover or may extend over plurality of pixels. The evaluation de-
vice may be configured for determining and/or for selecting all pixels connected to and/or be-
longing to the reflection feature, e.g. a light spot. The evaluation device may be configured for
determining the center of intensity by

1

Reoi =
cot [ Z] " Tpixel

wherein Rqi is a position of center of intensity, roixel is the pixel position and | = ¥, Irq; With j
being the number of pixels j connected to and/or belonging to the reflection feature and liota be-
ing the total intensity.

The evaluation device may be configured for determining the longitudinal coordinate for each of
the reflection features by using depth-from-photon-ratio technique, also denoted as beam profile
analysis. With respect to depth-from-photon-ratio (DPR) technique reference is made to WO
2018/091649 A1, WO 2018/091638 A1, WO 2018/091640 A1 and C. Lennartz, F. Schick, S.
Metz, “Whitepaper - Beam Profile Analysis for 3D imaging and material detection” April 28,
2021, Ludwigshafen, Germany, the full content of which is included by reference.
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The evaluation device may be configured for determining the beam profile of each of the reflec-
tion features. As used herein, the term “determining the beam profile” refers to identifying at
least one reflection feature provided by the optical sensor and/or selecting at least one reflection
feature provided by the optical sensor and evaluating at least one intensity distribution of the re-
flection feature. As an example, a region of the matrix may be used and evaluated for determin-
ing the intensity distribution, such as a three-dimensional intensity distribution or a two-dimen-
sional intensity distribution, such as along an axis or line through the matrix. As an example, a
center of illumination by the light beam may be determined, such as by determining the at least
one pixel having the highest illumination, and a cross-sectional axis may be chosen through the
center of illumination. The intensity distribution may an intensity distribution as a function of a
coordinate along this cross-sectional axis through the center of illumination. Other evaluation
algorithms are feasible.

The analysis of the beam profile of one of the reflection features may comprise determining at
least one first area and at least one second area of the beam profile. The first area of the beam
profile may be an area A1 and the second area of the beam profile may be an area A2. The
evaluation device may be configured for integrating the first area and the second area. The
evaluation device may be configured to derive a combined signal Q, also denoted as quotient
Q, by one or more of dividing the integrated first area and the integrated second area, dividing
multiples of the integrated first area and the integrated second area, dividing linear combina-
tions of the integrated first area and the integrated second area.

The evaluation device may configured for determining at least two areas of the beam profile
and/or to segment the beam profile in at least two segments comprising different areas of the
beam profile, wherein overlapping of the areas may be possible as long as the areas are not
congruent. For example, the evaluation device may be configured for determining a plurality of
areas such as two, three, four, five, or up to ten areas. The evaluation device may be configured
for segmenting the light spot into at least two areas of the beam profile and/or to segment the
beam profile in at least two segments comprising different areas of the beam profile. The evalu-
ation device may be configured for determining for at least two of the areas an integral of the
beam profile over the respective area. The evaluation device may be configured for comparing
at least two of the determined integrals. Specifically, the evaluation device may be configured
for determining at least one first area and at least one second area of the beam profile. As used
herein, the term “area of the beam profile” generally refers to an arbitrary region of the beam
profile at the position of the optical sensor used for determining the combined signal. The first
area of the beam profile and the second area of the beam profile may be one or both of adja-
cent or overlapping regions. The first area of the beam profile and the second area of the beam
profile may be not congruent in area. For example, the evaluation device may be configured for
dividing a sensor region of the sensor element into at least two sub-regions, wherein the evalua-
tion device may be configured for dividing the sensor region of the sensor element into at least
one left part and at least one right part and/or at least one upper part and at least one lower part
and/or at least one inner and at least one outer part. Additionally or alternatively, the detector
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may comprise at least two optical sensors, wherein the light-sensitive areas of a first optical
sensor and of a second optical sensor may be arranged such that the first optical sensor is
adapted to determine the first area of the beam profile of the reflection feature and that the sec-
ond optical sensor is adapted to determine the second area of the beam profile of the reflection
feature. The evaluation device may be adapted to integrate the first area and the second area.

The first area of the beam profile may comprise essentially edge information of the beam profile
and the second area of the beam profile comprises essentially center information of the beam
profile, and/or the first area of the beam profile may comprise essentially information about a left
part of the beam profile and the second area of the beam profile comprises essentially infor-
mation about a right part of the beam profile. The beam profile may have a center, i.e. a maxi-
mum value of the beam profile and/or a center point of a plateau of the beam profile and/or a
geometrical center of the light spot, and falling edges extending from the center. The second re-
gion may comprise inner regions of the cross section and the first region may comprise outer
regions of the cross section. As used herein, the term “essentially center information” generally
refers to a low proportion of edge information, i.e. proportion of the intensity distribution corre-
sponding to edges, compared to a proportion of the center information, i.e. proportion of the in-
tensity distribution corresponding to the center. Preferably, the center information has a propor-
tion of edge information of less than 10%, more preferably of less than 5%, most preferably the
center information comprises no edge content. As used herein, the term “essentially edge infor-
mation” generally refers to a low proportion of center information compared to a proportion of
the edge information. The edge information may comprise information of the whole beam pro-
file, in particular from center and edge regions. The edge information may have a proportion of
center information of less than 10%, preferably of less than 5%, more preferably the edge infor-
mation comprises no center content. At least one area of the beam profile may be determined
and/or selected as second area of the beam profile if it is close or around the center and com-
prises essentially center information. At least one area of the beam profile may be determined
and/or selected as first area of the beam profile if it comprises at least parts of the falling edges
of the cross section. For example, the whole area of the cross section may be determined as
first region.

Other selections of the first area A1 and second area A2 may be feasible. For example, the first
area may comprise essentially outer regions of the beam profile and the second area may com-
prise essentially inner regions of the beam profile. For example, in case of a two-dimensional
beam profile, the beam profile may be divided in a left part and a right part, wherein the first
area may comprise essentially areas of the left part of the beam profile and the second area
may comprise essentially areas of the right part of the beam profile.

The edge information may comprise information relating to a number of photons in the first area
of the beam profile and the center information may comprise information relating to a number of
photons in the second area of the beam profile. The evaluation device may be configured for
determining an area integral of the beam profile. The evaluation device may be configured for
determining the edge information by integrating and/or summing of the first area. The evaluation
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device may be configured for determining the center information by integrating and/or summing
of the second area. For example, the beam profile may be a trapezoid beam profile and the
evaluation device may be configured for determining an integral of the trapezoid. Further, when
trapezoid beam profiles may be assumed, the determination of edge and center signals may be
replaced by equivalent evaluations making use of properties of the trapezoid beam profile such
as determination of the slope and position of the edges and of the height of the central plateau
and deriving edge and center signals by geometric considerations.

In one embodiment, A1 may correspond to a full or complete area of a feature point on the opti-
cal sensor. A2 may be a central area of the feature point on the optical sensor. The central area
may be a constant value. The central area may be smaller compared to the full area of the fea-
ture point. For example, in case of a circular feature point, the central area may have a radius
from 0.1 to 0.9 of a full radius of the feature point, preferably from 0.4 to 0.6 of the full radius.

In one embodiment, the illumination pattern may comprise at least point pattern. A1 may corre-
spond to an area with a full radius of a point of the point pattern on the optical sensors. A2 may
be a central area of the point in the point pattern on the optical sensors. The central area may
be a constant value. The central area may have a radius compared to the full radius. For exam-
ple, the central area may have a radius from 0.1 to 0.9 of the full radius, preferably from 0.4 to
0.6 of the full radius.

The evaluation device may be configured to derive the quotient Q by one or more of dividing the
first area and the second area, dividing multiples of the first area and the second area, dividing
linear combinations of the first area and the second area. The evaluation device may be config-
ured for deriving the quotient Q by

_ [y ECx y)dxdy
/[, E(x,y) dxdy

wherein x and y are transversal coordinates, A1 and A2 are the first and second area of the
beam profile, respectively, and E(x,y) denotes the beam profile.

Additionally or alternatively, the evaluation device may be adapted to determine one or both of
center information or edge information from at least one slice or cut of the light spot. This may
be realized, for example, by replacing the area integrals in the quotient Q by a line integral
along the slice or cut. For improved accuracy, several slices or cuts through the light spot may
be used and averaged. In case of an elliptical spot profile, averaging over several slices or cuts
may result in improved distance information.

For example, in case of the optical sensor having a matrix of pixels, the evaluation device may
be configured for evaluating the beam profile, by
- determining the pixel having the highest sensor signal and forming at least one center signal;

- evaluating sensor signals of the matrix and forming at least one sum signal;
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- determining the quotient Q by combining the center signal and the sum signal; and

- determining at least one longitudinal coordinate z of the object by evaluating the quotient Q.

The sensor signal may be a signal generated by the optical sensor and/or at least one pixel of
the optical sensor in response to illumination. Specifically, the sensor signal may be or may
comprise at least one electrical signal, such as at least one analogue electrical signal and/or at
least one digital electrical signal. More specifically, the sensor signal may be or may comprise at
least one voltage signal and/or at least one current signal. More specifically, the sensor signal
may comprise at least one photocurrent. Further, either raw sensor signals may be used, or the
detector, the optical sensor or any other element may be adapted to process or preprocess the
sensor signal, thereby generating secondary sensor signals, which may also be used as sensor
signals, such as preprocessing by filtering or the like. The term “center signal” generally refers
to the at least one sensor signal comprising essentially center information of the beam profile.
As used herein, the term “highest sensor signal” refers to one or both of a local maximum or a
maximum in a region of interest. For example, the center signal may be the signal of the pixel
having the highest sensor signal out of the plurality of sensor signals generated by the pixels of
the entire matrix or of a region of interest within the matrix, wherein the region of interest may
be predetermined or determinable within an image generated by the pixels of the matrix. The
center signal may arise from a single pixel or from a group of optical sensors, wherein, in the
latter case, as an example, the sensor signals of the group of pixels may be added up, inte-
grated or averaged, in order to determine the center signal. The group of pixels from which the
center signal arises may be a group of neighboring pixels, such as pixels having less than a
predetermined distance from the actual pixel having the highest sensor signal, or may be a
group of pixels generating sensor signals being within a predetermined range from the highest
sensor signal. The group of pixels from which the center signal arises may be chosen as large
as possible in order to allow maximum dynamic range. The evaluation device may be adapted
to determine the center signal by integration of the plurality of sensor signals, for example the
plurality of pixels around the pixel having the highest sensor signal. For example, the beam pro-
file may be a trapezoid beam profile and the evaluation device may be adapted to determine an
integral of the trapezoid, in particular of a plateau of the trapezoid.

As outlined above, the center signal generally may be a single sensor signal, such as a sensor
signal from the pixel in the center of the light spot, or may be a combination of a plurality of sen-
sor signals, such as a combination of sensor signals arising from pixels in the center of the light
spot, or a secondary sensor signal derived by processing a sensor signal derived by one or
more of the aforementioned possibilities. The determination of the center signal may be per-
formed electronically, since a comparison of sensor signals is fairly simply implemented by con-
ventional electronics, or may be performed fully or partially by software. Specifically, the center
signal may be selected from the group consisting of: the highest sensor signal; an average of a
group of sensor signals being within a predetermined range of tolerance from the highest sen-
sor signal; an average of sensor signals from a group of pixels containing the pixel having the
highest sensor signal and a predetermined group of neighboring pixels; a sum of sensor signals



10

15

20

25

30

35

40

WO 2023/094530 -26 - PCT/EP2022/083146

from a group of pixels containing the pixel having the highest sensor signal and a predeter-
mined group of neighboring pixels; a sum of a group of sensor signals being within a predeter-
mined range of tolerance from the highest sensor signal; an average of a group of sensor sig-
nals being above a predetermined threshold; a sum of a group of sensor signals being above a
predetermined threshold; an integral of sensor signals from a group of optical sensors contain-
ing the optical sensor having the highest sensor signal and a predetermined group of neighbor-
ing pixels; an integral of a group of sensor signals being within a predetermined range of toler-
ance from the highest sensor signal; an integral of a group of sensor signals being above a pre-
determined threshold.

Similarly, the term “sum signal” generally refers to a signal comprising essentially edge infor-
mation of the beam profile. For example, the sum signal may be derived by adding up the sen-
sor signals, integrating over the sensor signals or averaging over the sensor signals of the en-
tire matrix or of a region of interest within the matrix, wherein the region of interest may be pre-
determined or determinable within an image generated by the optical sensors of the matrix.
When adding up, integrating over or averaging over the sensor signals, the actual optical sen-
sors from which the sensor signal is generated may be left out of the adding, integration or aver-
aging or, alternatively, may be included into the adding, integration or averaging. The evaluation
device may be adapted to determine the sum signal by integrating signals of the entire matrix,
or of the region of interest within the matrix. For example, the beam profile may be a trapezoid
beam profile and the evaluation device may be adapted to determine an integral of the entire
trapezoid. Further, when trapezoid beam profiles may be assumed, the determination of edge
and center signals may be replaced by equivalent evaluations making use of properties of the
trapezoid beam profile such as determination of the slope and position of the edges and of the
height of the central plateau and deriving edge and center signals by geometric considerations.

Similarly, the center signal and edge signal may also be determined by using segments of the
beam profile such as circular segments of the beam profile. For example, the beam profile may
be divided into two segments by a secant or a chord that does not pass the center of the beam
profile. Thus, one segment will essentially contain edge information, while the other segment
will contain essentially center information. For example, to further reduce the amount of edge
information in the center signal, the edge signal may further be subtracted from the center sig-
nal.

The quotient Q may be a signal which is generated by combining the center signal and the sum
signal. Specifically, the determining may include one or more of: forming a quotient of the center
signal and the sum signal or vice versa; forming a quotient of a multiple of the center signal and
a multiple of the sum signal or vice versa; forming a quotient of a linear combination of the cen-
ter signal and a linear combination of the sum signal or vice versa. Additionally or alternatively,
the quotient Q may comprise an arbitrary signal or signal combination which contains at least
one item of information on a comparison between the center signal and the sum signal.
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As used herein, the term “longitudinal coordinate of the object” refers to a distance between the
optical sensor and the object. The evaluation device may be configured for using the at least
one predetermined relationship between the combined signal and the longitudinal coordinate for
determining the longitudinal coordinate. The predetermined relationship may be one or more of
an empiric relationship, a semi-empiric relationship and an analytically derived relationship. The
evaluation device may comprise at least one data storage device for storing the predetermined
relationship, such as a lookup list or a lookup table.

The evaluation device may be configured for executing at least one depth-from-photon-ratio al-
gorithm which computes distances for all reflection features with zero order and higher order.

The evaluation device may be configured for assigning said reflection feature to the correspond-
ing emitter. As used herein, the term “assigning said reflection feature to the corresponding
emitter of the array” may generally refer to determining, in particular unambiguously, the one
emitter of the array having emitted the illumination feature having caused the selected reflection
feature. In known 3D sensing devices, such as devices using triangulation or structured light
techniques, solving this correspondence problem is complex and time consuming. The evalua-
tion device may be configured for unambiguously matching of reflection features with corre-
sponding emitters by using the longitudinal coordinate zppr. The longitudinal coordinate deter-
mined with the depth-from-photon-ratio technique can be used for solving the correspondence
problem. In that way, distance information per reflection feature can be used to find the corre-
spondence to the array of emitters. The matching comprise identifying and/or determining
and/or evaluating the corresponding emitter and the reflection feature. As used herein, the term
“corresponding emitter and reflection feature” may refer to the fact that each of the illumination
features of the illumination pattern was generate by one of the emitters, projected to the ob-
jected and imaged as reflection feature by the camera, wherein the imaged reflection feature is
assigned to the illumination feature having generated said reflection feature.

The illumination feature, and thus, the emitter, corresponding to the reflection feature may be
determined using epipolar geometry. For description of epipolar geometry reference is made,
for example, to chapter 2 in X. Jiang, H. Bunke: ,Dreidimensionales Computersehen® Springer,
Berlin Heidelberg, 1997. Epipolar geometry may assume that an illumination image, i.e. an im-
age of the non-distorted illumination pattern, and the reflection image may be images deter-
mined at different spatial positions and/or spatial orientations having a fixed distance. The dis-
tance may be a relative distance, also denoted as baseline. The illumination image may be also
denoted as reference image. The evaluation device may be adapted to determine an epipolar
line in the reference image. The relative position of the reference image and reflection image
may be known. For example, the relative position of the reference image and the reflection im-
age may be stored within at least one storage unit of the evaluation device. The evaluation de-
vice may be adapted to determine a straight line extending from a selected reflection feature of
the reflection image to a real world feature from which it originates. Thus, the straight line may
comprise possible object features corresponding to the selected reflection feature. The straight
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line and the baseline span an epipolar plane. As the reference image is determined at a differ-
ent relative constellation from the reflection image, the corresponding possible object features
may be imaged on a straight line, called epipolar line, in the reference image. The epipolar line
may be the intersection of the epipolar plane and the reference image. Thus, a feature of the
reference image corresponding to the selected feature of the reflection image lies on the epipo-
lar line.

Depending on the distance to the object having reflected the illumination feature, the reflection
feature corresponding to the illumination feature may be displaced within the reflection image.
The reference image may comprise at least one displacement region in which the illumination
feature corresponding to the selected reflection feature would be imaged. The displacement re-
gion may comprise only one illumination feature. The displacement region may also comprise
more than one illumination feature. The displacement region may comprise an epipolar line or a
section of an epipolar line. The displacement region may comprise more than one epipolar line
or more sections of more than one epipolar line. The displacement region may extend along the
epipolar line, orthogonal to an epipolar line, or both. The evaluation device may be adapted to
determine the illumination feature along the epipolar line. The evaluation device may be
adapted to determine the longitudinal coordinate z for the reflection feature and an error interval
t¢ from the combined signal Q to determine a displacement region along an epipolar line corre-
sponding to zte or orthogonal to an epipolar line. The measurement uncertainty of the distance
measurement using the combined signal Q may result in a displacement region in the second
image which is non-circular since the measurement uncertainty may be different for different di-
rections. Specifically, the measurement uncertainty along the epipolar line or epipolar lines may
be greater than the measurement uncertainty in an orthogonal direction with respect to the epi-
polar line or lines. The displacement region may comprise an extend in an orthogonal direction
with respect to the epipolar line or epipolar lines. The evaluation device may be adapted to
match the selected reflection feature with at least one illumination feature within the displace-
ment region. The evaluation device may be adapted to match the selected feature of the reflec-
tion image with the illumination feature within the displacement region by using at least one
evaluation algorithm considering the determined longitudinal coordinate zper. The evaluation al-
gorithm may be a linear scaling algorithm. The evaluation device may be adapted to determine
the epipolar line closest to and/or within the displacement region. The evaluation device may be
adapted to determine the epipolar line closest to the image position of the reflection feature. The
extent of the displacement region along the epipolar line may be larger than the extent of the
displacement region orthogonal to the epipolar line. The evaluation device may be adapted to
determine an epipolar line before determining a corresponding illumination feature. The evalua-
tion device may determine a displacement region around the image position of each reflection
feature. The evaluation device may be adapted to assign an epipolar line to each displacement
region of each image position of the reflection features, such as by assigning the epipolar line
closest to a displacement region and/or within a displacement region and/or closest to a dis-
placement region along a direction orthogonal to the epipolar line. The evaluation device may
be adapted to determine the illumination feature corresponding to the reflection feature by de-
termining the illumination feature closest to the assigned displacement region and/or within the
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assigned displacement region and/or closest to the assigned displacement region along the as-
signed epipolar line and/or within the assigned displacement region along the assigned epipolar
line.

Additionally or alternatively, the evaluation device may be configured to perform the following
steps:

- Determining a displacement region for the image position of each reflection feature;

- Assigning an epipolar line to the displacement region of each reflection feature such as by
assigning the epipolar line closest to a displacement region and/or within a displacement region
and/or closest to a displacement region along a direction orthogonal to the epipolar line;

- Assigning and/or determining at least one illumination feature to each reflection feature
such as by assigning the illumination feature closest to the assigned displacement region and/or
within the assigned displacement region and/or closest to the assigned displacement region
along the assigned epipolar line and/or within the assigned displacement region along the as-
signed epipolar line.

Additionally or alternatively, the evaluation device may be adapted to decide between more than
one epipolar line and/or illumination feature to be assigned to a reflection feature such as by
comparing distances of reflection features and/or epipolar lines within the illumination image
and/or by comparing error weighted distances, such as e-weighted distances of illumination fea-
tures and/or epipolar lines within the illumination image and assigning the epipolar line and/or
illumination feature in shorter distance and/or e-weighted distance to the illumination feature
and/or reflection feature.

The evaluation device may be configured for determining at least one longitudinal coordinate
Zwiang DY UsiNg at least one triangulation method. The evaluation device may be adapted to de-
termine a displacement of the illumination feature and the reflection feature. The evaluation de-
vice may be adapted to determine the displacement of the matched illumination feature and the
selected reflection feature. The evaluation device, e.g. at least one data processing device of
the evaluation device, may be configured to determine the displacement of the illumination fea-
ture and the reflection feature, in particular by comparing the respective image position of the
illumination image and the reflection image. As used herein, the term “displacement” may refer
to the difference between an image position in the illumination image to an image position in the
reflection image. The evaluation device may be adapted to determine the longitudinal coordi-
nate of the matched feature using a predetermined relationship between the longitudinal coordi-
nate and the displacement. The evaluation device may be adapted to determine the pre-deter-
mined relationship by using triangulation methods. Other methods for determining at least one
longitudinal coordinate such as depth-from-defocus and/or structured light techniques may be
possible, too.

In a further aspect, a detector for determining a position of at least one object is disclosed. The
detector comprising
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- atleast one projector for illuminating at least one object with at least one illumination
pattern comprising a plurality of illumination features,

- atleast one camera having at least one sensor element having a matrix of optical
sensors, the optical sensors each having a light-sensitive area, wherein each optical
sensor is designed to generate at least one sensor signal in response to an illumina-
tion of its respective light-sensitive area by a reflection light beam propagating from
the object to the camera, wherein the camera is configured for imaging at least one
reflection image comprising a plurality of reflection features generated by the object
in response to illumination by the illumination features;

- atleast one evaluation device configured for performing the method according to the
present invention referring a method for calibrating a detector and/or the method for
determining a position of at least one object according to the present invention refer-
ring a method for determining a position of at least one object.

With respect to embodiments and definitions of the detector, reference is made to the descrip-
tion of the methods.

The projector may comprise at least one emitter and/or at least one array of emitters. Each of
the emitters may be and/or may comprise at least one element selected from the group consist-
ing of at least one laser source such as at least one semi-conductor laser, at least one double
heterostructure laser, at least one external cavity laser, at least one separate confinement het-
erostructure laser, at least one quantum cascade laser, at least one distributed Bragg reflector
laser, at least one polariton laser, at least one hybrid silicon laser, at least one extended cavity
diode laser, at least one quantum dot laser, at least one volume Bragg grating laser, at least
one Indium Arsenide laser, at least one Gallium Arsenide laser, at least one transistor laser, at
least one diode pumped laser, at least one distributed feedback lasers, at least one quantum
well laser, at least one interband cascade laser, at least one semiconductor ring laser, at least
one vertical cavity surface-emitting laser; at least one non-laser light source such as at least
one LED or at least one light bulb.

The camera may comprise at least one CCD sensor or at least one CMOS sensor.

The evaluation device may be configured for determining the longitudinal coordinate for each of
the reflection features by analysis of its beam profile, wherein the analysis of the beam profile
comprises determining at least one first area and at least one second area of the beam profile.
The evaluation device may be configured for deriving a combined signal Q by one or more of
dividing the first area and the second area, dividing multiples of the first area and the second
area, dividing linear combinations of the first area and the second area. The evaluation device
may be configured for using at least one predetermined relationship between the combined sig-
nal Q and a longitudinal coordinate for determining the longitudinal coordinate of the object.

In a further aspect, a kit is disclosed. The kit comprises a detector according to the present in-
vention such as according to one or more of the embodiments disclosed above or according to



10

15

20

25

30

35

40

WO 2023/094530 -31- PCT/EP2022/083146

one or more of the embodiments disclosed in further detail below. For details, options and defi-
nitions, reference may be made to the methods and detector as discussed above. The kit fur-
ther comprises a target. The target comprises at least one first target and at least one second
target, wherein the first target and the second target have a predefined fixed relative distance.
For details, options and definitions relating to the target, reference may be made to the descrip-
tion of the methods and detector as discussed above.

In a further aspect, a mobile device is disclosed. The mobile device comprises at least one de-
tector according to the present invention such as according to one or more of the embodiments
disclosed above or according to one or more of the embodiments disclosed in further detail be-
low. For details, options and definitions, reference may be made to the methods and detector as
discussed above. The mobile device is one or more of a mobile communication device such as
a cell phone or smartphone, a tablet computer, a portable computer.

In a further aspect a computer program is disclosed including computer-executable instructions
for performing the method for calibrating and/or for determining a position according to the pre-
sent invention when the program is executed on a computer or computer network.

Specifically, the computer program may be stored on a computer-readable data carrier and/or
on a computer-readable storage medium. As used herein, the terms “computer-readable data
carrier” and “computer-readable storage medium” specifically may refer to non-transitory data
storage means, such as a hardware storage medium having stored thereon computer-executa-
ble instructions. The computer-readable data carrier or storage medium specifically may be or
may comprise a storage medium such as a random-access memory (RAM) and/or a read-only
memory (ROM).

Thus, specifically, one, more than one or even all of method steps as indicated above may be
performed by using a computer or a computer network, preferably by using a computer pro-
gram.

Further disclosed and proposed herein is a computer program product having program code
means, in order to perform one or more of the methods according to the present invention in
one or more of the embodiments enclosed herein when the program is executed on a computer
or computer network. Specifically, the program code means may be stored on a computer-read-
able data carrier and/or on a computer-readable storage medium.

Further disclosed and proposed herein is a data carrier having a data structure stored thereon,
which, after loading into a computer or computer network, such as into a working memory or
main memory of the computer or computer network, may execute one or more of the methods
according to one or more of the embodiments disclosed herein.

Further disclosed and proposed herein is a computer program product with program code
means stored on a machine-readable carrier, in order to perform one or more of the methods
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according to one or more of the embodiments disclosed herein, when the program is executed
on a computer or computer network. As used herein, a computer program product refers to the
program as a tradable product. The product may generally exist in an arbitrary format, such as
in a paper format, or on a computer-readable data carrier and/or on a computer-readable stor-
age medium. Specifically, the computer program product may be distributed over a data net-
work.

Finally, disclosed and proposed herein is a modulated data signal which contains instructions
readable by a computer system or computer network, for performing one or more of the meth-
ods according to one or more of the embodiments disclosed herein.

Referring to the computer-implemented aspects of the invention, one or more of the method
steps or even all of the method steps of the methods according to one or more of the embodi-
ments disclosed herein may be performed by using a computer or computer network. Thus,
generally, any of the method steps including provision and/or manipulation of data may be per-
formed by using a computer or computer network. Generally, these method steps may include
any of the method steps, typically except for method steps requiring manual work, such as
providing the samples and/or certain aspects of performing the actual measurements.

Specifically, further disclosed herein are:

- a computer or computer network comprising at least one processor, wherein the proces-
sor is adapted to perform one or more of the methods according to one of the embodi-
ments described in this description,

- a computer loadable data structure that is adapted to perform one or more of the methods
according to one of the embodiments described in this description while the data structure
is being executed on a computer,

- a computer program, wherein the computer program is adapted to perform one or more of
the methods according to one of the embodiments described in this description while the
program is being executed on a computer,

- a computer program comprising program means for performing one or more of the meth-
ods according to one of the embodiments described in this description while the computer
program is being executed on a computer or on a computer network,

- a computer program comprising program means according to the preceding embodiment,
wherein the program means are stored on a storage medium readable to a computer,

- a storage medium, wherein a data structure is stored on the storage medium and wherein
the data structure is adapted to perform one or more of the methods according to one of
the embodiments described in this description after having been loaded into a main and/or
working storage of a computer or of a computer network, and

- a computer program product having program code means, wherein the program code
means can be stored or are stored on a storage medium, for performing one or more of
the methods according to one of the embodiments described in this description, if the pro-
gram code means are executed on a computer or on a computer network.
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In a further aspect of the present invention, use of the detector according to the present inven-
tion, such as according to one or more of the embodiments given above or given in further detail
below, is proposed, for a purpose of use, selected from the group consisting of: a position
measurement in traffic technology; an entertainment application; a security application; a sur-
veillance application; a safety application; a human-machine interface application; a logistics ap-
plication; a tracking application; an outdoor application; a mobile application; a communication
application; a photography application; a machine vision application; a robotics application; a
quality control application; a manufacturing application; a gait monitoring application; a human
body monitoring application; home care; smart living, automotive application.

With respect to further uses of the detector and devices of the present invention reference is
made to WO 2018/091649 A1, WO 2018/091638 A1, WO 2018/091640 A1 and C. Lennartz, F.
Schick, S. Metz, “Whitepaper - Beam Profile Analysis for 3D imaging and material detection”
April 28, 2021, Ludwigshafen, Germany, the content of which is included by reference.

As used herein, the terms “have”, “comprise” or “include” or any arbitrary grammatical variations
thereof are used in a non-exclusive way. Thus, these terms may both refer to a situation in
which, besides the feature introduced by these terms, no further features are present in the en-
tity described in this context and to a situation in which one or more further features are present.
As an example, the expressions “A has B”, “A comprises B” and “A includes B” may both refer
to a situation in which, besides B, no other element is present in A (i.e. a situation in which A
solely and exclusively consists of B) and to a situation in which, besides B, one or more further
elements are present in entity A, such as element C, elements C and D or even further ele-
ments.

Further, it shall be noted that the terms “at least one”, “one or more” or similar expressions indi-
cating that a feature or element may be present once or more than once typically are used only
once when introducing the respective feature or element. Herein, in most cases, when referring
to the respective feature or element, the expressions “at least one” or “one or more” are not re-
peated, non-withstanding the fact that the respective feature or element may be present once or
more than once.

Further, as used herein, the terms "preferably”, "more preferably”, "particularly”, "more particu-
larly”, "specifically”, "more specifically” or similar terms are used in conjunction with optional fea-
tures, without restricting alternative possibilities. Thus, features introduced by these terms are
optional features and are not intended to restrict the scope of the claims in any way. The inven-
tion may, as the skilled person recognizes, be performed by using alternative features. Similarly,
features introduced by "in an embodiment of the invention” or similar expressions are intended
to be optional features, without any restriction regarding alternative embodiments of the inven-
tion, without any restrictions regarding the scope of the invention and without any restriction re-
garding the possibility of combining the features introduced in such a way with other optional or

non-optional features of the invention.
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Overall, in the context of the present invention, the following embodiments are regarded as pre-

ferred:

Embodiment 1. A method for calibrating a detector comprising at least one camera and

b)

d)

at least one projector, wherein the projector is configured for illuminating at least one tar-
get with at least one predefined illumination pattern comprising a plurality of illumination
features, wherein the camera has at least one sensor element having a matrix of optical
sensors, the optical sensors each having a light-sensitive area, wherein each optical
sensor is designed to generate at least one sensor signal in response to an illumination
of its respective light-sensitive area by a light beam propagating from the target to the
camera, wherein the target comprises at least one first target and at least one second
target, wherein the first target and the second target have a predefined fixed relative dis-
tance, wherein the target is positioned at a pre-defined distance from the detector,
wherein the method comprises the following steps:
illuminating the first target with a first part of the illumination pattern and illuminating
the second target with a second part of the illumination pattern by using the projec-
tor, wherein the first and second part of the illumination pattern differ, and imaging
by using the camera at least one combined reflection image of the illuminated first
target and the illuminated second target, wherein the combined reflection image
comprises a plurality of first reflection features generated by the first target in re-
sponse to the first part of the illumination pattern and a plurality of second reflection
features generated by the second target in response to the second part of the illumi-
nation pattern;
splitting the combined reflection image into a first reflection image and a second re-
flection image by using at least one evaluation device of the detector, wherein the
first reflection image comprises the first reflection features and the second reflection
image comprises the second reflection features;
for the first reflection image, reconstructing by using the evaluation device missing
reflection features relating to the second part of the illumination pattern using the
predefined illumination pattern, and, for the second reflection image, reconstructing
by using the evaluation device missing reflection features relating to the first part of
the illumination pattern using the predefined illumination pattern;
determining by using the evaluation device a first reconstructed image by adding the
reconstructed reflection features relating to the second part of the illumination pat-
tern to the first reflection image and determining by using the evaluation device a
second reconstructed image by adding the reconstructed reflection features relating
to the first part of the illumination pattern to the second reflection image;
evaluating the first reconstructed image and the second reconstructed image by us-
ing the evaluation device, wherein the evaluation comprises
€1) matching reflection features of the first reconstructed image to reflection fea-
tures of the second reconstructed image considering the predefined distance
of the target and the predefined fixed relative distance of the first target and
the second target thereby determining pairs of matched reflection features;
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€2) determining an epipolar line for each of the pairs of the matched reflection fea-
tures, wherein the respective matched reflection features lie on the epipoloar
line;
f) determining at least one extrinsic calibration information of the detector using the deter-
mined epiploar lines by using the evaluation device.

Embodiment 2. The method according to the preceding embodiment, the combined re-
flection image is one single image imaged by one single shot of the camera.

Embodiment 3. The method according to any one of the preceding embodiments,
wherein the extrinsic calibration information is at least one information selected from the
group consisting of: rotation angles between the projector and the camera, translation
components between the projector and the camera, aperture angles, center of the sen-
sor element, apertures, focal distance.

Embodiment 4. The method according to any one of the preceding embodiments,
wherein the method comprises determining the extrinsic calibration information by evalu-
ating one or more of tilt, shift, distortion of the epipolar lines.

Embodiment 5. The method according to any one of the preceding embodiments,
wherein the first target and the second target form a static structure.

Embodiment 6. The method according to any one of the preceding embodiments,
wherein the first target is arranged on a front of a measuring range of the detector and
the second target is arranged on a back of the measuring range of the detector.

Embodiment 7. The method according to any one of the preceding embodiments,
wherein the first part of the illumination pattern and the second part of the illumination
pattern are halves of the illumination pattern, wherein half of the illumination features of
the illumination pattern are projected on the first target and the other half is projected on
the second target.

Embodiment 8. The method according to any one of the preceding embodiments,
wherein the method comprises determining an edge within the combined reflection im-
age by using the evaluation device, wherein the combined reflection image is split into
the first reflection image and the second reflection image at the position of the edge..

Embodiment 9.  The method according to any one of the preceding embodiments,
wherein the method comprises identifying the reflection features of the first recon-
structed image and the second reconstructed image by using at least one image analy-
sis and/or image processing algorithm.



10

15

20

25

30

35

40

WO 2023/094530 -36 - PCT/EP2022/083146

Embodiment 10.  The method according to any one of the preceding embodiments,
wherein the method comprises comparing the extrinsic calibration information to at least
one predefined nominal value by using the evaluation device thereby determining a cor-
rection for an alignment of the projector and the camera.

Embodiment 11. The method according the preceding embodiment, wherein the method
comprises correcting the alignment of the projector and the camera in case the extrinsic
calibration information exceeds the predefined nominal value by more than at least one
predefined tolerance range.

Embodiment 12.  The method according to the preceding embodiment, wherein the cor-
recting of the alignment comprises adapting a relative position of the projector and the
camera and/or correcting a reflection image imaged by the camera.

Embodiment 13. The method according to any one of the three preceding embodiments,
wherein the method comprises at least one verification step, wherein the verifications
step comprises repeating steps a) to f) and comparing the extrinsic calibration infor-
mation to the at least one predefined nominal value for verifying if the correction is suc-
cessful such that the extrinsic calibration information corresponds to the predefined nom-
inal value at least one within the predefined tolerance range.

Embodiment 14. A method for determining a position of at least one object, the method
comprises calibrating a detector by using the method for calibrating according to any one
of the preceding embodiments, wherein the method further comprises the following
steps:

- illuminating at least one object with at least one illumination pattern comprising a
plurality of illumination features by using the projector and imaging by using the
camera at least one reflection image comprising a plurality of reflection features
generated by the object in response to illumination by the illumination features,
wherein each of the reflection features comprises at least one beam profile;

- determining at least one longitudinal coordinate for each of the reflection features by
analysis of its respective beam profile by using at least one evaluation device of the
detector.

Embodiment 15. The method according to the preceding embodiment, wherein the analy-
sis of the beam profile comprises determining at least one first area and at least one
second area of the beam profile, and deriving a combined signal Q by one or more of di-
viding the first area and the second area, dividing multiples of the first area and the sec-
ond area, dividing linear combinations of the first area and the second area, wherein the
determining of the longitudinal coordinate further comprises using at least one predeter-
mined relationship between the combined signal Q and a longitudinal coordinate for de-
termining the longitudinal coordinate of the object.
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Embodiment 16. A detector for determining a position of at least one object, the detector

comprising

- atleast one projector for illuminating at least one object with at least one illumination
pattern comprising a plurality of illumination features,

- atleast one camera having at least one sensor element having a matrix of optical
sensors, the optical sensors each having a light-sensitive area, wherein each optical
sensor is designed to generate at least one sensor signal in response to an illumina-
tion of its respective light-sensitive area by a reflection light beam propagating from
the object to the camera, wherein the camera is configured for imaging at least one
reflection image comprising a plurality of reflection features generated by the object
in response to illumination by the illumination features;

- atleast one evaluation device configured for performing the method according to
any one of the preceding embodiments referring a method for calibrating a detector
and/or the method for determining a position of at least one object according to any
one of the preceding embodiments referring a method for determining a position of
at least one object.

Embodiment 17.  The detector according to the preceding embodiment, wherein the pro-

jector comprises at least one emitter and/or at least one array of emitters, wherein each
of the emitters is and/or comprises at least one element selected from the group consist-
ing of at least one laser source such as at least one semi-conductor laser, at least one
double heterostructure laser, at least one external cavity laser, at least one separate
confinement heterostructure laser, at least one quantum cascade laser, at least one dis-
tributed Bragg reflector laser, at least one polariton laser, at least one hybrid silicon la-
ser, at least one extended cavity diode laser, at least one quantum dot laser, at least one
volume Bragg grating laser, at least one Indium Arsenide laser, at least one Gallium Ar-
senide laser, at least one transistor laser, at least one diode pumped laser, at least one
distributed feedback lasers, at least one quantum well laser, at least one interband cas-
cade laser, at least one semiconductor ring laser, at least one vertical cavity surface-
emitting laser; at least one non-laser light source such as at least one LED or at least
one light bulb.

Embodiment 18.  The detector according to any one of the preceding embodiments refer-

ring to a detector, wherein the camera comprises at least one CCD sensor or at least
one CMOS sensor.

Embodiment 19.  The detector according to any one of the preceding embodiments refer-

ring to a detector, wherein the evaluation device is configured for determining the longi-
tudinal coordinate for each of the reflection features by analysis of its beam profile,
wherein the analysis of the beam profile comprises determining at least one first area
and at least one second area of the beam profile, wherein the evaluation device is con-
figured for deriving a combined signal Q by one or more of dividing the first area and the
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second area, dividing multiples of the first area and the second area, dividing linear com-
binations of the first area and the second area, wherein the evaluation device is config-
ured for using at least one predetermined relationship between the combined signal Q
and a longitudinal coordinate for determining the longitudinal coordinate of the object.

Embodiment 20. A kit comprising a detector according to any one of the preceding em-
bodiments referring to a detector, and a target, wherein the target comprises at least one
first target and at least one second target, wherein the first target and the second target
have a predefined fixed relative distance.

Embodiment 21. A mobile device comprising at least one detector according to any one of
the preceding embodiments referring to a detector, wherein the mobile device is one or
more of a mobile communication device, a tablet computer, a portable computer.

Embodiment 22. A use of the detector according to any one of the preceding embodi-
ments referring to a detector, for a purpose of use, selected from the group consisting of:
a position measurement in traffic technology; an entertainment application; a security ap-
plication; a surveillance application; a safety application; a human-machine interface ap-
plication; a logistics application; a tracking application; an outdoor application; a mobile
application; a communication application; a photography application; a machine vision
application; a robotics application; a quality control application; a manufacturing applica-
tion; a gait monitoring application; a human body monitoring application; home care;
smart living, automotive application.

Brief description of the figures

Further optional details and features of the invention are evident from the description of pre-
ferred exemplary embodiments which follows in conjunction with the dependent claims. In this
context, the particular features may be implemented in an isolated fashion or in combination
with other features. The invention is not restricted to the exemplary embodiments. The exem-
plary embodiments are shown schematically in the figures. Identical reference numerals in the
individual figures refer to identical elements or elements with identical function, or elements
which correspond to one another with regard to their functions.

Specifically, in the figures:

Figure 1 shows an embodiment of a method for calibrating and a method for determining a
position of an object according to the present invention;

Figure 2 shows an embodiment of a detector, a kit and a mobile device according to the
present invention; and



10

15

20

25

30

35

40

WO 2023/094530 -39 - PCT/EP2022/083146

Figures 3A to 3C show an embodiment of a combined reflection image, a first reconstructed im-
age and a second reconstructed image.

Detailed description of the embodiments:

Figure 1 shows an embodiment of a method for calibrating a detector 110 comprising at least
one camera 112 and at least one projector 114 according to the present invention. An embodi-
ment of the detector 110 is shown in Figure 2. The detector 110 may be part of a mobile device
115. Figure 2 further shows an embodiment of a kit 117 comprising the detector 110 according
to the present invention and a target 126.

The projector 114 is configured for illuminating at least one object 116 with at least one illumina-
tion pattern 118 comprising a plurality of illumination features 120. The illumination pattern 118
may be a regular, in particular periodic pattern. The illumination pattern 118 may comprise at
least one pattern selected from the group consisting of: at least one quasi random pattern; at
least one Sobol pattern; at least one quasiperiodic pattern; at least one point pattern, in particu-
lar a pseudo-random point pattern or a random point pattern; at least one line pattern; at least
one stripe pattern; at least one checkerboard pattern; at least one triangular pattern; at least
one rectangular pattern; at least one hexagonal pattern or a pattern comprising further convex
tilings. The illumination pattern 118 may comprise at least one pattern selected from the group
consisting of: at least one quasi random pattern; at least one Sobol pattern; at least one qua-
siperiodic pattern; at least one point pattern, in particular a pseudo-random point pattern; at
least one line pattern; at least one stripe pattern; at least one checkerboard pattern; at least one
triangular pattern; at least one rectangular pattern; at least one hexagonal pattern or a pattern
comprising further convex tilings. The illumination pattern 118 may exhibit the at least one illu-
mination feature 120 selected from the group consisting of: at least one point; at least one ling;
at least two lines such as parallel or crossing lines; at least one point and one line; at least one
arrangement of periodic features; at least one arbitrary shaped featured pattern. For example,
the illumination pattern 118 comprises at least one pattern comprising at least one pre-known
feature. For example, the illumination pattern 118 comprises at least one line pattern comprising
at least one line. For example, the illumination pattern 118 comprises at least one line pattern
comprising at least two lines such as parallel or crossing lines. For example, the projector 114
may be configured for generate and/or to project a cloud of points or non-point-like features. For
example, the projector 114 may be configured for generate a cloud of points or non-point-like
features such that the illumination pattern 118 may comprise a plurality of point features or non-
point-like features.

The projector 114 may comprise at least one emitter 122 and/or at least one array of emitters
122. Each of the emitters 122 may be configured for emitting at least one light beam. Each of
the emitters 122 may be and/or may comprise at least one element selected from the group

consisting of at least one laser source such as at least one semi-conductor laser, at least one
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double heterostructure laser, at least one external cavity laser, at least one separate confine-
ment heterostructure laser, at least one quantum cascade laser, at least one distributed Bragg
reflector laser, at least one polariton laser, at least one hybrid silicon laser, at least one ex-
tended cavity diode laser, at least one quantum dot laser, at least one volume Bragg grating la-
ser, at least one Indium Arsenide laser, at least one Gallium Arsenide laser, at least one transis-
tor laser, at least one diode pumped laser, at least one distributed feedback lasers, at least one
quantum well laser, at least one interband cascade laser, at least one semiconductor ring laser,
at least one vertical cavity surface-emitting laser (VCSEL); at least one non-laser light source
such as at least one LED or at least one light bulb. The array of emitters 122 may be a two-di-
mensional or one dimensional array. The array may comprise a plurality of emitters 122 ar-
ranged in a matrix.

For example, the emitters 122 may be an array of VCSELs. Examples for VCSELs can be found
e.g. in en.wikipedia.org/wiki/Vertical-cavity_surface-emitting_laser. VCSELSs are generally known
to the skilled person such as from WO 2017/222618 A. Each of the VCSELs is configured for
generating at least one light beam. The VCSELs may be arranged on a common substrate or
on different substrates. The array may comprise up to 2500 VCSELs. For example, the array
may comprise 38x25 VCSELSs, such as a high power array with 3.5 W. For example, the array
may comprise 10x27 VCSELs with 2.5 W. For example, the array may comprise 96 VCSELs
with 0.9 W. A size of the array, e.g. of 2500 elements, may be up to 2 mm x 2 mm.

The light beam emitted by the respective emitter 122 may have a wavelength of 300 to 1100nm,
preferably 500 to 1100 nm. For example, the light beam may have a wavelength of 940 nm. For
example, light in the infrared spectral range may be used, such as in the range of 780 nm to 3.0
pm. Specifically, the light in the part of the near infrared region where silicon photodiodes are
applicable specifically in the range of 700 nm to 1100 nm may be used. The emitters 122 may
be configured for generating the at least one illumination pattern in the infrared region, in partic-
ular in the near infrared region. Using light in the near infrared region may allows that light is not
or only weakly detected by human eyes and is still detectable by silicon sensors, in particular
standard silicon sensors. For example, the emitters 122 may be an array of VCSELs. The
VCSELs may be configured for emitting light beams at a wavelength range from 800 to 1000
nm. For example, the VCSELs may be configured for emitting light beams at 808 nm, 850 nm,
940 nm, or 980 nm. Preferably the VCSELs emit light at 940 nm, since terrestrial sun radiation
has a local minimum in irradiance at this wavelength, e.g. as described in CIE 085-1989 ,Solar
spectral Irradiance”.

The camera 112 has at least one sensor element 124 having a matrix of optical sensors. The
optical sensors each having a light-sensitive area. Each optical sensor is designed to generate
at least one sensor signal in response to an illumination of its respective light-sensitive area by
a light beam propagating from the object to the camera 112. As an example, the camera 112
may comprise at least one camera chip, such as at least one CCD chip and/or at least one
CMOS chip configured for recording images.
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Specifically, the optical sensors may be or may comprise inorganic photodiodes which are sen-
sitive in the infrared spectral range, preferably in the range of 780 nm to 3.0 micrometers. Spe-
cifically, the optical sensors may be sensitive in the part of the near infrared region where silicon
photodiodes are applicable specifically in the range of 700 nm to 1000 nm. Infrared optical sen-
sors which may be used for optical sensors may be commercially available infrared optical sen-
sors, such as infrared optical sensors commercially available under the brand name Hertz-
stueck™ from trinamiX GmbH, D-67056 Ludwigshafen am Rhein, Germany. Thus, as an exam-
ple, the optical sensors may comprise at least one optical sensor of an intrinsic photovoltaic
type, more preferably at least one semiconductor photodiode selected from the group consisting
of: a Ge photodiode, an InGaAs photodiode, an extended InGaAs photodiode, an InAs photodi-
ode, an InSb photodiode, a HgCdTe photodiode. Additionally or alternatively, the optical sen-
sors may comprise at least one optical sensor of an extrinsic photovoltaic type, more preferably
at least one semiconductor photodiode selected from the group consisting of: a Ge:Au photodi-
ode, a Ge:Hg photodiode, a Ge:Cu photodiode, a Ge:Zn photodiode, a Si:Ga photodiode, a
Si:As photodiode. Additionally or alternatively, the optical sensors may comprise at least one
bolometer, preferably a bolometer selected from the group consisting of a VO bolometer and an
amorphous Si bolometer.

The optical sensors may be sensitive in one or more of the ultraviolet, the visible or the infrared
spectral range. Specifically, the optical sensors may be sensitive in the visible spectral range
from 500 nm to 780 nm, most preferably at 650 nm to 750 nm or at 690 nm to 700 nm. Specifi-
cally, the optical sensors may be sensitive in the near infrared region. Specifically, the optical
sensors may be sensitive in the part of the near infrared region where silicon photodiodes are
applicable specifically in the range of 700 nm to 1000 nm. The optical sensors, specifically, may
be sensitive in the infrared spectral range, specifically in the range of 780 nm to 3.0 microme-
ters. For example, the optical sensors each, independently, may be or may comprise at least
one element selected from the group consisting of a photodiode, a photocell, a photoconductor,
a phototransistor or any combination thereof. For example, the optical sensors may be or may
comprise at least one element selected from the group consisting of a CCD sensor element, a
CMOS sensor element, a photodiode, a photocell, a photoconductor, a phototransistor or any
combination thereof. Any other type of photosensitive element may be used. The photosensitive
element generally may fully or partially be made of inorganic materials and/or may fully or par-
tially be made of organic materials. Most commonly, one or more photodiodes may be used,
such as commercially available photodiodes, e.g. inorganic semiconductor photodiodes.

The object 116 may be an arbitrary object, in particular a surface or region, which is configured
for reflecting and/or scattering at least partially at least one light beam impinging on the object
116. The light beam may originate from a projector illuminating the object, wherein the light
beam is reflected and/or scattered by the object 116. The object 116 used for the method for
calibrating a detector according to the present invention is a target 126. The target 126 is posi-
tioned at a pre-defined distance from the detector. The predefined distance may be a relative
distance between the target 126 and the detector 110. Specifically, the predefined distance may
be a longitudinal coordinate. The method may comprise manually or automatically positioning
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the target 126 to the predefined distance, €.g. by using at least one z-stage. The method may
comprise at least one positioning step comprising positioning of the target 126 at the pre-de-
fined distance.

The target 126 comprises at least one first target 128 and at least one second target 130. For
example, the target 126 may comprise two target screens. For example, the target screens may
be non-transparent screens. The projector 114 and the camera 112 may be arranged on the
same side of the target screens.

The method steps may be performed in the given order or may be performed in a different or-
der. Further, one or more additional method steps may be present which are not listed. Further,
one, more than one or even all of the method steps may be performed repeatedly.

The method comprises the following steps:

a) (denoted with reference number 132) illuminating the first target 128 with a first part
134 of the illumination pattern 118 and illuminating the second target 130 with a sec-
ond part 136 of the illumination pattern 118 by using the projector 114, wherein the
first part134 and second part 136 of the illumination pattern 118 differ, and imaging
by using the camera 112 at least one combined reflection image 138 of the illumi-
nated first target 128 and the illuminated second target 130, wherein the combined
reflection image 138 comprises a plurality of first reflection features 140 generated
by the first target 128 in response to the first part 134 of the illumination pattern 118
and a plurality of second reflection features 142 generated by the second target 130
in response to the second part 136 of the illumination pattern 118;

b) (denoted with reference number 144) splitting the combined reflection image 138
into a first reflection image 146 and a second reflection image 148 by using at least
one evaluation device 150 of the detector 110, wherein the first reflection image 146
comprises the first reflection features 152 and the second reflection image 148 com-
prises the second reflection features 154;

c) (denoted with reference number 156) for the first reflection image 146, reconstruct-
ing by using the evaluation device 150 missing reflection features 158 relating to the
second part 136 of the illumination pattern 118 using the predefined illumination pat-
tern 118, and, for the second reflection image 148, reconstructing by using the eval-
uation device 150 missing reflection features 160 relating to the first part 134 of the
illumination pattern 118 using the predefined illumination pattern 118;

d) (denoted with reference number 162) determining by using the evaluation device
150 a first reconstructed image 164 by adding the reconstructed reflection features
166 relating to the second part 136 of the illumination pattern 118 to the first reflec-
tion image 146 and determining by using the evaluation device 150 a second recon-
structed image 168 by adding the reconstructed reflection features 170 relating to
the first part 134 of the illumination pattern 118 to the second reflection image 148;
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€) (denoted with reference number 172) evaluating the first reconstructed image 164
and the second reconstructed image 168 by using the evaluation device 150,
wherein the evaluation comprises

€1) matching reflection features of the first reconstructed image 164 to reflection fea-
tures of the second reconstructed image 168 considering the predefined distance of
the target 126 and the predefined fixed relative distance of the first target 128 and
the second target 130 thereby determining pairs of matched reflection features;

€2) determining an epipolar line for each of the pairs of the matched reflection features,
wherein the respective matched reflection features lie on the epipoloar line;

f) (denoted with reference number 174) determining at least one extrinsic calibration infor-
mation of the detector 110 using the determined epiploar lines by using the evaluation
device 150.

The first target 128 and the second target 130 have a predefined fixed relative distance. The
predefined fixed relative distance may be a relative position between the first target 128 and the
second target 130 which is unchanged and/or invariable at least during imaging of the combined
reflection image 138. The first target 128 and the second target 130 have fixed relative x, y and
z coordinates in space. The target 126 may comprise a distinct step. The target 126 may com-
prise at least one mechanical element and/or at least one mechanical structure configured for
holding the first target 128 and the second target 130 at the predefined fixed relative distance.
The mechanical element and/or at least one mechanical structure may comprise at least one
optical bench and/or at least one optical rail. The mechanical element and/or the mechanical
structure may be configured for allowing to set and/or adapt the relative distance between the
first target and the second target, however, before and/or after the illuminating and imaging
only. Alternatively, the mechanical element and/or the mechanical structure may be configured
for permanently fixing the relative distance between the first target 128 and the second target
130. The first target 128 and the second target 130 may form a static structure. For example,
and as shown in Figure 2, the first target 128 and the second target 130 may be two target
screens positioned at different longitudinal coordinates (z), in particular one behind the other. At
least one of the transversal coordinates (x and/or y) may be different, too, such that simultane-
ous illumination and imaging of the first target 128 and the second target 130 is possible.

The first target 128 may be arranged on a front of a measuring range of the detector 110 and
the second target 130 may be arranged on a back of the measuring range of the detector 110.
Specifically, the surfaces of the first target 128 and the second target 130 are positioned on the
front and the back of the measuring range. The first target 128 may be a front target and the
second target 130 may be a rear target. For example, the fixed relative distance may be 600
mm. For example, the first target 128 may be positioned at a distance of 200 mm from the de-
tector 110 and the second target 130 may be positioned at a distance of 800 mm from the de-
tector 110.

The first part 134 of the illumination pattern 118 and the second part 136 of the illumination pat-
tern 118 may be halves of the illumination pattern 118. Half of the illumination features 120 of
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the illumination pattern 118 may be projected on the first target 128 and the other half may be
projected on the second target 128.

The combined reflection image 138 may be an image comprising both of a reflection image of
the illuminated first target 128 and a reflection image of the illuminated second target 130. Spe-
cifically, the combined reflection image 138 is one single image imaged by one single shot of
the camera 112. Only one image may be taken with half of the illumination features 120 pro-
jected on the first target 128, the other half on the second target 130. An embodiment of a com-
bined reflection image 138 is show in Figure 3A.

Each of the reflection features comprises at least one beam profile. The beam profile may be a
transverse intensity profile of the light beam. The beam profile may be a cross section of the
light beam. The beam profile may be selected from the group consisting of a trapezoid beam
profile; a triangle beam profile; a conical beam profile and a linear combination of Gaussian
beam profiles. Other embodiments are feasible, however.

The splitting in step b) 144 of the combined reflection image 138 may comprise dividing the
combined reflection image 138 into two image regions. The method may comprise determining
an edge within the combined reflection image 138 by using the evaluation device 150. The com-
bined reflection image 138 may be split into the two reflection images at the position of the
edge.

As outlined above, by construction, the first reflection image 146 may comprise only reflection
features generated by the first part 134 of the illumination pattern 118 and the second reflection
image 148 may comprise only reflection features generated by the second part 136 of the illumi-
nation pattern 118. Thus, in the first reflection image 146, the reflection features that would have
been generated by the second part 136 of the illumination pattern 118 are missing and in the
second reflection image 148 the reflection features that would have been generated by the first
part 134 of the illumination pattern 118 are missing.

In step ¢) 156, for the first reflection image 146 and second reflection image 148 the respec-
tively missing reflection features are reconstructed using the predefined illumination pattern 118.
The predefined illumination pattern 118, also denoted as nominal grid, as outlined above, may
be a periodically and regular pattern having predefined positions of the illumination features 120
and predefined distances between the illumination features 120. The evaluation device 150 may
be configured for determining the reflection features missing in the first reflection image 146 and
in the second reflection image 148 using the nominal grid 118. For example, the evaluation de-
vice 150 may be configured for comparing the reflection features of the first reflection image 146
with the nominal grid 118 and the reflection features of the second reflection image 148 with the
nominal grid 118 for determining the missing reflection features. However, embodiments are
feasible in which the evaluation device 150 simply assumes that the reflection features of the
other part of the illumination pattern 118 are missing and proceeds with reconstructing the as-
sumed missing reflection features.
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The reconstructing may comprise determining a position of a reflection feature in the reflection
image. For the reconstruction, the nominal grid 118 may be used. The reconstruction may com-
prise adapting the position of the illumination features 120 within the nominal grid 118 to an as-
sumed position within the respective reflection image 146, 148. The evaluation device 150 may
be configured for determining the regularity and/or periodicity of a first reflection pattern com-
prising the first reflection features of the first reflection image 146. The evaluation device 150
may be configured for determining a second reflection pattern comprising the second reflection
features of the second reflection image 148. The evaluation device 150 may be configured for
reconstructing, for the first reflection image 146, the missing reflection features 158 relating to
the second part 136 of the illumination pattern 118 by adapting the position of the illumination
features 120 of the second part 136 of the illumination pattern 118 considering the determined
he regularity and/or periodicity of the first reflection pattern. The evaluation device 150 may be
configured for reconstructing, for the second reflection image 148, the missing reflection fea-
tures 160 relating to the first part 134 of the illumination pattern 118 by adapting the position of
the illumination features 118 of the first part 134 of the illumination pattern 118 considering the
determined the regularity and/or periodicity of the second reflection pattern. With the help of the
nominal grid 118, the missing part of the reflection pattern can be reconstructed on both halves.

Step d) 162 comprises determining the first reconstructed image 164 by adding the recon-
structed reflection features 166 relating to the second part 136 of the illumination pattern 118 to
the first reflection image 146 and determining the second reconstructed image 168 by adding
the reconstructed reflection features 170 relating to the first part 134 of the illumination pattern
118 to the second reflection image 148. Thus, the first reconstructed image 164 and the second
reconstructed image 168 may comprise on one half of the image imaged reflection features and
on another half of the image reconstructed reflection features. Embodiments of the first recon-
structed image 164 and the second reconstructed image 168 are shown in Figures 3B and 3C.
These two reconstructed images 164, 168 are used for calibration.

Step €) 172 comprises evaluating the first reconstructed image 164 and the second recon-
structed image 168.

The method may comprise identifying the reflection features in the first reconstructed image 164
and the second reconstructed image 168 by using at least one image analysis and/or image
processing algorithm. The evaluation device 150 may be configured for selecting reflection fea-
tures of the respective first reconstructed image 164 and second reconstructed image 168. The
evaluation device 150 may be configured for performing at least one image analysis and/or im-
age processing in order to identify the reflection features. The image analysis and/or image pro-
cessing may use at least one feature detection algorithm. The image analysis and/or image pro-
cessing may comprise one or more of the following: a filtering; a selection of at least one region
of interest; a formation of a difference image between an image created by the sensor signals
and at least one offset; an inversion of sensor signals by inverting an image created by the sen-
sor signals; a formation of a difference image between an image created by the sensor signals
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at different times; a background correction; a decomposition into color channels; a decomposi-
tion into hue; saturation; and brightness channels; a frequency decomposition; a singular value
decomposition; applying a Canny edge detector; applying a Laplacian of Gaussian filter; apply-
ing a Difference of Gaussian filter; applying a Sobel operator; applying a Laplace operator; ap-
plying a Scharr operator; applying a Prewitt operator; applying a Roberts operator; applying a
Kirsch operator; applying a high-pass filter; applying a low-pass filter; applying a Fourier trans-
formation; applying a Radon-transformation; applying a Hough-transformation; applying a wave-
let-transformation; a thresholding; creating a binary image. The region of interest may be deter-
mined manually by a user or may be determined automatically, such as by recognizing an ob-
ject within an image.

The evaluation device 150 may be configured for performing at least one image correction. The
image correction may comprise at least one background subtraction. The evaluation device 150
may be adapted to remove influences from background light from the beam profile, for example,
by an imaging without further illumination.

The evaluation device 150 may be configured for matching the reflection features of the first re-
constructed image 164 and the second reconstructed image 168 considering the predefined dis-
tance of the target 126 and the predefined fixed relative distance of the first target 128 and the
second target 130. The evaluation device 150 may be configured for unambiguously matching
the reflection features considering the predefined distance of the target 126 and the predefined
fixed relative distance of the first target 128 and the second target 130. The matching may com-
prise identifying and/or determining and/or evaluating the corresponding reflection features of
the first and second reconstructed images 164, 168. As the predefined distances are known, no
correspondence problem needs to be solved. Thus, the method may comprise numbering each
of the reflection features of the first reconstructed image 164 and the second reconstructed im-
age 168 and matching the corresponding numbers. After step e1), pairs of matched reflection
features are known, including their pixel coordinates and their respective predefined distances.

The method further comprises in step €2) determining an epipolar line for each of the pairs of
the matched reflection features. The epipolar line for each of the pairs of the matched reflection
features is defined by the fact that the respective matched reflection features lie on the same
epipoloar line. The evaluation device 150 may be configured for determining the epipolar line
using the pixel coordinates and predefined distances of the matched the reflection features. For
description of epipolar geometry reference is made, for example, to chapter 2 in X. Jiang, H.
Bunke: ,Dreidimensionales Computersehen® Springer, Berlin Heidelberg, 1997.

Step f) comprises determining an extrinsic calibration information of the detector 110, in particu-
lar of the camera 112 and the projector 114, using the determined epiploar lines by using the
evaluation device 150. The method may comprise calculating according to the epipolarline ge-
ometry the extrinsic calibration information. The method may comprise determining the extrinsic
calibration information by evaluating one or more of tilt, shift, distortion of the epipolar lines. For
example, the extrinsic calibration information is at least one information selected from the group
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consisting of: rotation angles between the projector 114 and the camera 112, translation compo-
nents between the projector 114 and the camera 112, aperture angles, center of the sensor ele-
ment 124, apertures, focal distance. For example, a translation in z, in particular a z-offset be-
tween projector 114 and camera 112, may lead to tilted epipolar lines. For example, a rotation
around the x-axis may lead to a shifted pattern of epipolar lines and trapezoidal distortion.

The method may comprise comparing the extrinsic calibration information to at least one prede-
fined nominal value by using the evaluation device 150 thereby determining a correction for an
alignment of the projector 114 and the camera 112. For example, the predefined nominal value
may be at least one predefined nominal value selected from the group consisting of rotation an-
gles between the projector 114 and the camera 112, translation components between the pro-
jector 114 and the camera 112, aperture angles, center of the sensor element 124, apertures,
focal distance. For example, the predefined nominal value may be a nominal distance value of a
translation between the projector 114 and the camera 112. For example, the nominal value for
rotation may be 0° such that the projector 114 and the camera 112 are considered to be posi-
tioned in the same plane. The comparing may comprise using at least one mathematical opera-
tion for comparing the extrinsic calibration information and the predefined nominal values.

The method may comprise correcting the alignment of the projector 114 and the camera 112 in
case the extrinsic calibration information exceeds the predefined nominal value by more than at
least one predefined tolerance range. The correcting of the alignment may comprise adapting a
relative position of the projector 114 and the camera 112, e.g. during manufacturing of the de-
tector, and/or correcting an imaged reflection image, e.g. during operation of the detector 110.
For example, the predefined tolerance range may be £ 10% of the nominal value, preferably +
5% of the nominal value, more preferably £1% of the nominal value. Other embodiments of tol-
erance ranges, however, are feasible. In case no deviation of the extrinsic calibration infor-
mation and the respective nominal value within the predefined tolerance range is found, the
alignment of the projector 114 and the camera 112 is considered to be “properly”. In this case
no correction may be required.

The method may comprise at least one verification step, wherein the verifications step com-
prises repeating steps a) to f) and comparing the extrinsic calibration information to the at least
one predefined nominal value for verifying if the correction is successful such that the extrinsic
calibration information corresponds to the predefined nominal value at least one within the pre-
defined tolerance range.

Figure 1 shows further an embodiment of a method 176 for determining a position of at least
one object 116 is disclosed. The method comprises calibrating the detector 110 by using the
method for calibrating according to the present invention. The method further comprises the fol-
lowing steps:
- (178) illuminating at least one object 116 with at least one illumination pattern 118 com-
prising a plurality of illumination features 120 by using the projector 114 and imaging by
using the camera 112 at least one reflection image comprising a plurality of reflection



10

15

20

WO 2023/094530 -48 - PCT/EP2022/083146

features generated by the object 116 in response to illumination by the illumination fea-
tures 120 generated, wherein each of the reflection features comprises at least one
beam profile;

- (180) determining at least one longitudinal coordinate z for each of the reflection fea-
tures by analysis of its respective beam profile by using at least one evaluation device
150 of the detector 110.

In the context of distance measurement, the object 116 may be an arbitrary object. For exam-
ple, the object 116 may be a human, in particular a human face.

The analysis of the beam profile may comprise determining at least one first area and at least
one second area of the beam profile. The evaluation device 150 may be configured for deriving
a combined signal Q by one or more of dividing the first area and the second area, dividing mul-
tiples of the first area and the second area, dividing linear combinations of the first area and the
second area. The determining of the longitudinal coordinate further may comprise using at least
one predetermined relationship between the combined signal Q and a longitudinal coordinate
for determining the longitudinal coordinate of the object 116. With respect to determining at
least one longitudinal coordinate z reference is made to WO 2018/091649 A1, WO
2018/091638 A1, WO 2018/091640 A1 and C. Lennartz, F. Schick, S. Metz, “Whitepaper -
Beam Profile Analysis for 3D imaging and material detection” April 28, 2021, Ludwigshafen,
Germany, the full content of which is included by reference.



WO 2023/094530 -49 -

List of reference numbers

110
112
114
115
116
117
118
120
122
124
126
128
130
132
134
136
138
140
142
144
146
148
150
152
154
156
158
160
162
164
166
168
170
172
174
176

detector

camera

projector

mobile device

object

kit

illumination pattern

illumination feature

emitter

sensor element

target

first target

second target

step a

first part of the illumination pattern
second part of the illumination pattern
combined reflection image

first reflection features

second reflection features

Step b

first reflection image

second reflection image
evaluation device

first reflection features

second reflection features

Step ¢

missing reflection features
missing reflection features

Step d

first reconstructed image
reconstructed reflection features
second reconstructed image
reconstructed reflection features
Step e

Step f

Determining a position

PCT/EP2022/083146



10

15

20

25

30

35

40

WO 2023/094530 -50 - PCT/EP2022/083146

Claims

1.

b)

d)

A method for calibrating a detector (110) comprising at least one camera (112) and at
least one projector (114), wherein the projector (114) is configured for illuminating at
least one target (126) with at least one predefined illumination pattern (118) comprising
a plurality of illumination features (120), wherein the camera (112) has at least one sen-
sor element (124) having a matrix of optical sensors, the optical sensors each having a
light-sensitive area, wherein each optical sensor is designed to generate at least one
sensor signal in response to an illumination of its respective light-sensitive area by a
light beam propagating from the target (126) to the camera (112), wherein the target
(126) comprises at least one first target (128) and at least one second target (130),
wherein the first target (128) and the second target (130) have a predefined fixed rela-
tive distance, wherein the target (126) is positioned at a pre-defined distance from the
detector (110), wherein the method comprises the following steps:
(132) illuminating the first target (128) with a first part (134) of the illumination pat-
tern (118) and illuminating the second target (130) with a second part (136) of the
illumination pattern (118) by using the projector (114), wherein the first and second
part (134, 136) of the illumination pattern (118) differ, and imaging by using the cam-
era (112) at least one combined reflection image (138) of the illuminated first target
(128) and the illuminated second target (130), wherein the combined reflection im-
age (138) comprises a plurality of first reflection features (140) generated by the first
target (128) in response to the first part (134) of the illumination pattern (118) and a
plurality of second reflection features (142) generated by the second target (130) in
response to the second part (136) of the illumination pattern (118);
(144) splitting the combined reflection image (138) into a first reflection image (146)
and a second reflection image (148) by using at least one evaluation device (150) of
the detector (110), wherein the first reflection image (146) comprises the first reflec-
tion features (152) and the second reflection image (148) comprises the second re-
flection features (154);
(156) for the first reflection image (146), reconstructing by using the evaluation de-
vice (150) missing reflection features (158) relating to the second part (136) of the
illumination pattern (118) using the predefined illumination pattern (118), and, for the
second reflection image (148), reconstructing by using the evaluation device (150)
missing reflection features (160) relating to the first part (134) of the illumination pat-
tern (118) using the predefined illumination pattern (118);
(162) determining by using the evaluation device (150) a first reconstructed image
(164) by adding the reconstructed reflection features (166) relating to the second
part (136) of the illumination pattern (118) to the first reflection image (146) and de-
termining by using the evaluation device (150) a second reconstructed image (168)
by adding the reconstructed reflection features (170) relating to the first part (134) of
the illumination pattern (118) to the second reflection image (148);
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e)

(172) evaluating the first reconstructed image (164) and the second reconstructed

image (168) by using the evaluation device (150), wherein the evaluation comprises

e€1) matching reflection features of the first reconstructed image (164) to reflection
features of the second reconstructed image (168) considering the predefined
distance of the target (126) and the predefined fixed relative distance of the
first target (128) and the second target (130) thereby determining pairs of
matched reflection features;

€2) determining an epipolar line for each of the pairs of the matched reflection fea-
tures, wherein the respective matched reflection features lie on the epipoloar
line;

(174) determining at least one extrinsic calibration information of the detector (110)

using the determined epiploar lines by using the evaluation device (150).

The method according to the preceding claim, the combined reflection image (138) is
one single image imaged by one single shot of the camera (112).

The method according to any one of the preceding claims, wherein the extrinsic cali-
bration information is at least one information selected from the group consisting of: ro-
tation angles between the projector (114) and the camera (112), translation compo-
nents between the projector (114) and the camera (112), aperture angles, center of the
sensor element (124), apertures, focal distance.

The method according to any one of the preceding claims, wherein the method com-
prises determining the extrinsic calibration information by evaluating one or more of tilt,
shift, distortion of the epipolar lines.

The method according to any one of the preceding claims, wherein the first target (128)
and the second target (130) form a static structure.

The method according to any one of the preceding claims, wherein the first target (128)
is arranged on a front of a measuring range of the detector (110) and the second target
(130) is arranged on a back of the measuring range of the detector (110).

The method according to any one of the preceding claims, wherein the first part (134)
of the illumination pattern (118) and the second part (136) of the illumination pattern
(118) are halves of the illumination pattern (118), wherein half of the illumination fea-
tures (120) of the illumination pattern (118) are projected on the first target (128) and
the other half is projected on the second target (130).

The method according to any one of the preceding claims, wherein the method com-
prises determining an edge within the combined reflection image (138) by using the
evaluation device (150), wherein the combined reflection image (138) is split into the
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10.

11.

12.

first reflection image (146) and the second reflection image (148) at the position of the
edge.

The method according to any one of the preceding claims, wherein the method com-
prises comparing the extrinsic calibration information to at least one predefined nominal
value by using the evaluation device (150) thereby determining a correction for an
alignment of the projector (114) and the camera (112), wherein the method comprises
correcting the alignment of the projector (114) and the camera (112) in case the extrin-
sic calibration information exceeds the predefined nominal value by more than at least
one predefined tolerance range.

A method for determining a position of at least one object (116), the method comprises
calibrating a detector (110) by using the method for calibrating according to any one of
the preceding claims, wherein the method further comprises the following steps:

- (178) illuminating at least one object (116) with at least one illumination pattern
(118) comprising a plurality of illumination features (120) by using the projector (114)
and imaging by using the camera (112) at least one reflection image comprising a
plurality of reflection features generated by the object (116) in response to illumina-
tion by the illumination features (120), wherein each of the reflection features com-
prises at least one beam profile;

- (180) determining at least one longitudinal coordinate for each of the reflection fea-
tures by analysis of its respective beam profile by using at least one evaluation de-
vice (150) of the detector (110).

The method according to the preceding claim, wherein the analysis of the beam profile
comprises determining at least one first area and at least one second area of the beam
profile, and deriving a combined signal Q by one or more of dividing the first area and
the second area, dividing multiples of the first area and the second area, dividing linear
combinations of the first area and the second area, wherein the determining of the lon-
gitudinal coordinate further comprises using at least one predetermined relationship be-
tween the combined signal Q and a longitudinal coordinate for determining the longitu-
dinal coordinate of the object(116).

A detector (110) for determining a position of at least one object (116), the detector

(110) comprising

- atleast one projector (114) for illuminating at least one object (116) with at least one
illumination pattern (118) comprising a plurality of illumination features (120);

- atleast one camera (112) having at least one sensor element (124) having a matrix
of optical sensors, the optical sensors each having a light-sensitive area, wherein
each optical sensor is designed to generate at least one sensor signal in response
to an illumination of its respective light-sensitive area by a reflection light beam prop-
agating from the object (116) to the camera (112), wherein the camera (112) is con-
figured for imaging at least one reflection image comprising a plurality of reflection
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13.

14.

15.

features generated by the object (116) in response to illumination by the illumination
features (120);

- atleast one evaluation device (150) configured for performing the method according
to any one of the preceding claims referring a method for calibrating a detector
and/or the method for determining a position of at least one object according to any
one of the preceding claims referring a method for determining a position of at least
one object.

A kit (117) comprising a detector (110) according to any one of the preceding claims
referring to a detector and a target (126), wherein the target comprises at least one first
target (128) and at least one second target (130), wherein the first target (128) and the
second target (130) have a predefined fixed relative distance.

A mobile device (115) comprising at least one detector (110) according to any one of
the preceding claims referring to a detector, wherein the mobile device (115) is one or
more of a mobile communication device, a tablet computer, a portable computer.

A use of the detector (110) according to any one of the preceding claims referring to a
detector, for a purpose of use, selected from the group consisting of: a position meas-
urement in traffic technology; an entertainment application; a security application; a
surveillance application; a safety application; a human-machine interface application; a
logistics application; a tracking application; an outdoor application; a mobile application;
a communication application; a photography application; a machine vision application;
a robotics application; a quality control application; a manufacturing application; a gait
monitoring application; a human body monitoring application; home care; smart living,
automotive application.
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