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Displacement sensor.

@ The invention relates to a computer-implemented method for processing images of a 2D coded mask pattern that
is imaged by an optical system on an image sensor, the method comprising: multiplying an image of the 2D coded
mask pattern comprising a chess board pattern by a window function to obtain an input image; applying a
two-dimensional (2D) Fast Fourier Transform (FFT) to the input image to obtain a complex matrix; determining a
plurality of local maxima in the absolute values of the complex matrix; performing a 2D fit of positions of the
determined plurality of the local maxima to obtain a position; calculate complex arguments of the peak values
using interpolation in 2D; and, calculate positions of the squares by combining the peak positions that provide the
square sizes and the complex arguments that provide the shift.

Dit octrooi is verleend ongeacht het bijgevoegde resultaat van het onderzoek naar de stand van de
techniek en schriftelijke opinie. Het octrooischrift komt overeen met de oorspronkelijk ingediende
stukken.
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Displacement sensor

FIELD OF THE INVENTION

Generally, the invention relates to the field of
displacement sensor systems. More specifically, the invention
relates to methods and systems for accurately and/or reliably

determining displacements.

BACKGROUND OF THE INVENTION

High-precision equipment, like translation and
rotation stages, requires accurate calibration. To that end,
displacement sensors are needed that are capable of
accurately monitoring the alignment of the stages in the
equipment. For example, the Red Alignment System Nikhef
(RASNIK) was developed in order to monitor the alignment of
detectors in the ATLAS spectrometer at CERN with a resolution
in the order of ten microns. Over six thousand alignment
systems were needed in order to monitor the overall
structural integrity of the structure with high accuracy, so
the design of the sensors should be small, simple, robust and
relatively cheap.

The RASNIK system is an example of an optical
system that is based on a mask that is projected by a lens
onto an image sensor. The image seen by the sensor is
analysed to obtain the coordinates of the mask in the mask
plane, the magnification factor, the ratio between the
distances of the sensor and the mask to the lens, and the
relative rotations between the mask and the sensor around the
optical axis. The mask was designed to optimise the total
length of the contours in both directions, leading to the
choice of a chess board pattern. A small shift of a chess
board pattern will be detected as a shift of the black/white
transitions. To detect larger shifts code fields are added

into the pattern.
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The alignment system uses an image analysis
algorithm to find the positions of the squares. An early
image analysis algorithm was based on the steepest descent
method. This gave excellent measurements on ideal images, but
it was too sensitive to image imperfections. These problems
could be solved by application of image enhancement
techniques that are based on a 2D Fourier analysis of the
checkerboard pattern. For example, M. Kea, describes in his
master’s thesis “FOAM: An Image Analysis Routine for the
ATLAS Barrel Muon Spectrometer Alignment System’”, Masters
thesis, TU Delft, 2007 an algorithm which uses a 2D FFT
producing a 2D spectrum with two maxima presenting the
frequency and orientation of the black and white square
pattern.

The used method produced measurement inaccuracies
due to image imperfections that may occur during operation.
In addition, a cross-correlation method based on the measured
2D FFT spectrum was used in order to determine the
translation of the chess board pattern. This method is
compute-intensive and yielded measurement accuracies of
around a few microns, i.e. accuracies which are still orders
of magnitude higher than the accuracies that would be
theoretically possible, i.e. approx. 10 nm for a 10 cm long
projective system and 100 nm for a 7 m long projective
system. Furthermore, a method is desired that allows real-
time applications with the FFT algorithm as the time-limiting
factor and that has a reduced sensitivity to image
imperfections. This way the applications of the displacement
sensor may be extended to high-performance applications such
as real-time (3D) vibration analysis.

As the foregoing illustrates, current displacement
sensor systems suffer from sub-optimal accuracy and
precision, are sensitive to image imperfections, and are not
scalable for high performance, real-time applications. Hence,
there is a need in the art for improved methods and systems

for accurately and/or reliably determining displacements.
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SUMMARY OF THE INVENTION

As will be appreciated by one skilled in the art,
aspects of the present invention may be embodied as a system,
method or computer program product. Accordingly, aspects of
the present invention may take the form of an entirely
hardware embodiment, an entirely software embodiment
(including firmware, resident software, micro-code, etc.) or
an embodiment combining software and hardware aspects that
may all generally be referred to herein as a "circuit,"
"module" or "system." Functions described in this disclosure
may be implemented as an algorithm executed by a
microprocessor of a computer. Furthermore, aspects of the
present invention may take the form of a computer program
product embodied in one or more computer readable medium(s)
having computer readable program code embodied, e.g., stored,
thereon.

Aspects of the present invention are described
below with reference to flowchart illustrations and/or block
diagrams of methods, apparatus (systems), and computer
program products according to embodiments of the invention.
It will be understood that each block of the flowchart
illustrations and/or block diagrams, and combinations of
blocks in the flowchart illustrations and/or block diagrams,
can be implemented by computer program instructions. These
computer program instructions may be provided to a processor,
in particular a microprocessor or central processing unit
(CPU), of a general purpose computer, special purpose
computer, or other programmable data processing apparatus to
produce a machine, such that the instructions, which execute
via the processor of the computer, other programmable data
processing apparatus, or other devices create means for
implementing the functions/acts specified in the flowchart
and/or block diagram block or blocks.

These computer program instructions may also be

stored in a computer readable medium that can direct a
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computer, other programmable data processing apparatus, or
other devices to function in a particular manner, such that
the instructions stored in the computer readable medium
produce an article of manufacture including instructions
which implement the function/act specified in the flowchart
and/or block diagram block or blocks.

The computer program instructions may also be
loaded onto a computer, other programmable data processing
apparatus, or other devices to cause a series of operational
steps to be performed on the computer, other programmable
apparatus or other devices to produce a computer implemented
process such that the instructions which execute on the
computer or other programmable apparatus provide processes
for implementing the functions/acts specified in the
flowchart and/or block diagram block or blocks.

The flowchart and block diagrams in the figures
illustrate the architecture, functionality, and operation of
possible implementations of systems, methods and computer
program products according to various embodiments of the
present invention. In this regard, each block in the
flowchart or block diagrams may represent a module, segment,
or portion of code, which comprises one or more executable
instructions for implementing the specified logical
function(s). It should also be noted that, in some
alternative implementations, the functions noted in the
blocks may occur out of the order noted in the figures. For
example, two blocks shown in succession may, in fact, be
executed substantially concurrently, or the blocks may
sometimes be executed in the reverse order, depending upon
the functionality involved. It will also be noted that each
block of the block diagrams and/or flowchart illustrations,
and combinations of blocks in the block diagrams and/or
flowchart illustrations, can be implemented by special
purpose hardware-based systems that perform the specified
functions or acts, or combinations of special purpose

hardware and computer instructions.



10

15

20

25

30

35

It is an objective of the invention to reduce or
eliminate at least one of the drawbacks known in the prior
art. One aspect of the invention discloses a method for
determining a position of a reference point on the basis of a
coded mask comprising: providing an image of part of the
coded mask, the image comprising a regular chess board
pattern of dark and light areas; coordinate information
including linear sequences of dark and light areas embedded
in the row and column direction of the chess board pattern;
and, pivot points defining crossing points of the linear
sequences in the row and column direction; determining a row
and column coordinate of a reference point in the image using
the coordinate information including: forming a binary matrix
comprising entries identifying dark and light areas
associated with the coordinate information, a dark area being
represented by a first binary value and a light area being
represented by a second binary value; determining the row and
column coordinates of a pivot point close to the reference
point, including: selecting elements in the matrix as
candidate pivot points, calculating for each selected
candidate pivot point a penalty score on the basis of a
predetermined set of binary values in the matrix and
identifying the candidate pivot points with the lowest
penalty scores as the best candidate pivot points.

In an embodiment, forming the binary matrix
includes transforming dark and light areas in the image into
first and second binary values respectively and removing
binary values in the binary matrix associated with the chess
board pattern using a XOR operation. In an embodiment,
determining the row and column coordinate may include: using
the candidate pivot point as a marker for identifying a
sequence of binary values in the row and column direction and
transforming the sequence of binary values into the row and
column coordinate, counting discrepancies in the binary

values found, adding the discrepancies to the penalty for a
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total discrepancy count, and selecting the candidate pivot
point with the lowest total discrepancy count.

Hence, a coded mask is used to accurately determine
displacements of an image of a coded mask wherein small scale
displacements and rotations are determined by analysing a
chess board pattern in the image of coded mask, while large
scale displacements of the board pattern are determined on
the basis of (coded) coordinate information embedded in the
image of the coded mask. On the basis of part of an image of
a coded mask, a matrix of binary values is produced wherein
dark areas of the image are represented by a first binary
value (e.g. a “1”) and light areas are represented by a
second binary value (e.g. a “0”). The information in the
binary matrix representing the chess board pattern may be
removed by a suitable XOR operation thereby exposing the
coordinate information in the matrix including coordinate
areas, each coordinate area comprising a pivot block and
digital representations (bit sequences) of row and column
coordinates. Then the entries in the binary matrix
representing the pivot blocks may be determined by selecting
an entry in the matrix as a candidate pivot block and
determining a penalty score on the basis of the binary values
in a predetermined set of entries in the binary matrix. This
process may be repeated for different entries in the binary
matrix, the different entries representing different
candidate pivot points. The candidate pivot points may be
used as a marker for reading binary row and column
coordinates, which may contain a number of discrepancies, to
be added to the penalty for the total discrepancy count. The
method according to the invention allows a process for
determining the coordinate information in the image that is
robust against optical imperfections due to e.g. dust, blurr,
moisture, etc.

In an embodiment, the method may further comprise:
determining a row and column offset associated with the

reference point using a Fourier analysis of the regular chess
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position being defined by the row and column coordinates and
the row and column offset.

In an embodiment, determining a row and column
offset further may comprise: determining a complex matrix by
subjecting the image to a two-dimensional (2D) Fast Fourier
Transform (FFT); determining a plurality of local maxima in
the absolute values of the complex matrix, the local maxima
comprising the first and further harmonics of the chess board
pattern; calculating the row and column offset on the basis
of the position of at least part of the plurality of local
maxima and on the basis of the complex arguments associated
with at least part of the plurality of local maxima.

In an embodiment, the position of the local maxima
may provide a measure for the size of light and dark areas in
the image and the complex arguments provide a shift in the
row and column direction, the shift being a fraction of the
size of the light and dark areas.

In an embodiment, before performing the Fourier
analysis the image is multiplied with a window function,
preferably a Hann window function.

In an embodiment, before performing the Fourier
analysis the pixel values of the image are zero padded,
preferably the zero padding includes adding rows and columns
of zero values around the image.

Hence, using a suitable window function in
combination with a zero-padding process enables accurate
determination of the positions of local maxima in the complex
matrix of the Fourier transform of the imaged coded mask.
This way the reference position can be determined with an
accuracy well below 100 nm, preferably below 60 nm.

In an embodiment, the coded mask is optically
imaged onto an image sensor using an optical mask and an

optical lens system.
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In an embodiment the coded mask is capacitively
imaged onto a capacitive pixel sensor using a metallic mask,
e.g. a glass plate with a metallic thin-film mask structure.

In an embodiment, the coded pattern may comprise
coordinate areas arranged in the row and column direction,
each coordinate area forming an m x n array of blocks, a
first row of squares along a first side of the coordinate
area comprising a first code pattern indicative of a first
coordinate; a second row of squares along the second side of
the coordinate area comprising a second code pattern
indicative of a second coordinate; and, a pivot square
located in the corner defined by the first and second side of
the coordinate area.

In a further aspect, the invention may relate to a
sensor system for determining a position of a reference point
on the basis of a coded mask, the system comprising: a coded
mask comprising a regular chess board pattern of dark and
light areas; coordinate information including linear
sequences of dark and light areas embedded in the row and
column direction of the chess board pattern; and, pivot
points defining crossing points of the linear sequences in
the row and column direction;

a sensor for capturing an image of at least part of
the coded mask;

a computer readable storage medium having computer
readable program code embodied therewith, and a processor,
preferably a microprocessor, coupled to the computer readable
storage medium and the sensor, wherein responsive to
executing the computer readable program code, the processor
is configured to perform executable operations comprising:

capturing an image of part of the coded mask, the
image comprising a regular chess board pattern of dark and
light areas; coordinate information including linear
sequences of dark and light areas embedded in the row and

column direction of the chess board pattern; and, pivot
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points defining crossing points of the linear sequences in
the row and column direction;

determining a row and column coordinate of a
reference point in the image using the coordinate information
including:

forming a binary matrix comprising entries
identifying dark and light areas associated with the
coordinate information, a dark area being represented by a
first binary value and a light area being represented by a
second binary value;

determining the row and column coordinates of a
pivot point close to the reference point, including:
selecting elements in the matrix as candidate pivot points,
calculating for each selected candidate pivot point a penalty
score on the basis of a predetermined set of binary values in
the matrix and identifying the candidate pivot points with
the lowest penalty scores as the most likely pivot points to
yield the lowest total discrepancy count, combining the
number of discrepancies in the decoded coordinate values and
the penalty.

In yet a further aspect, the invention may relate
to a sensor system for determining a position of a reference
point on the basis of a coded mask comprising: a coded mask
comprising a regular chess board pattern of dark and light
areas; coordinate information including linear sequences of
dark and light areas embedded in the row and column direction
of the chess board pattern; and, pivot points defining
crossing points of the linear sequences in the row and column
direction; a sensor for capturing an image of at least part
of the coded mask; a computer readable storage medium having
computer readable program code embodied therewith, and a
processor, preferably a microprocessor, coupled to the
computer readable storage medium and the sensor, wherein
responsive to executing the computer readable program code,
the processor is configured to perform executable operations

comprising: determining a row and column coordinate of a
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reference point in the image using the coordinate information
and determining a row and column offset associated with the
reference point using a Fourier analysis of the regular chess
board pattern in the image, the position of the reference
position being defined by the row and column coordinates and
the row and column offset; wherein before performing the
Fourier analysis the image is multiplied with a window
function, preferably a Hann window function and wherein the
pixel values of the image are zero padded, preferably the
zero padding include adding rows and columns of zero values
around the image.

In an embodiment the coded mask may be optically
imaged onto an image sensor using an optical mask and an
optical lens system.

In an embodiment, the coded mask may be
capacitively imaged onto a capacitive pixel sensor using a
metallic mask, e.g. a glass substrate comprising a thin-film
metallic mask structure.

Still other aspects of the invention relate to a
computer program and a, preferably non-transitory, computer
readable storage medium storing the computer program. The
computer program contains instructions (software code
portions) which, when executed by a processor of a data
processing system, carry out steps of one or more of the
methods described above.

The present invention will further be illustrated
with reference to the attached drawings, which schematically
show various embodiments according to the present invention.
It will be understood that the present invention is not in
any way restricted to these specific embodiments. Moreover,
combinations of any of the embodiments and limitations are

envisioned by the disclosure.
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BRIEF DESCRIPTION OF THE DRAWINGS

Aspects of the invention will be explained in
greater detail by reference to exemplary embodiments shown in
the drawings, in which:

Fig. 1 depicts a schematic of a displacement sensor
system according to an embodiment of the invention.

Fig. 2 depicts a schematic of a coded mask that may
be used by a displacement sensor system according to the
invention.

Fig. 3 depicts a 2D Fourier spectrum of a coded
mask;

FIG. 4A and 4B depict graphs that are used in
accurately determining the position of peaks in the 2D
Fourier spectrum of an image of the coded mask;

Fig. 5 depicts a schematic of a code pattern that
is derived from an image of a coded mask;

Fig. 6A-6C depicts the process of determining
coordinates of a reference point in an image of a coded mask
according to an embodiment of the invention;

Fig. 7 depicts the relative displacement of a high-
precision linear stage measured by a displacement sensor
according to an embodiment of the invention;

Fig. 8 provides a schematic of a data processing
system operable to implement one or more aspects of the

present invention.

DETATILED DESCRIPTION OF THE DRAWINGS

Fig. 1 depicts a schematic of a displacement sensor
system according to an embodiment of the invention. In
particular, Fig. 1 depicts an optical displacement sensor
system wherein an optical system projects an image of a coded
mask onto the imaging plane of an image sensor, e.g. a CMOS
or a CCD image sensor. The system may comprise a light source

102, such as e.g. a light emitting diode (LED) which produces
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light (possibly, infrared light) which, after being diffused
by a diffuser 104 in order to reduce or eliminate the
imperfections of the light source 102, illuminates a mask
106. The coded mask 106 comprises a coded pattern, comprising
a black and white chess-board pattern, wherein some lines
and/or some columns may comprise a code. For example, the
pattern may comprise one in nine lines and one in nine
columns of a conventional chess board pattern having an 8-bit
number encoded into it using a bit-wise XOR operation. This
pattern will be referred to as a coded mask pattern.

Fig. 2A provides a schematic illustration of a part
202 of a coded mask that may be used by a displacement sensor
according to the invention. The coded pattern is dominated by
a chess board pattern comprising black and white areas (in
this examples squares or blocks) of a particular size. The
chess board pattern may be removed by an XOR operation,
exposing a code pattern 204 as depicted in Fig. 2B. This code
pattern comprises columns of a predetermined (linear) pattern
of dark and light areas in the column direction 206i1-3 and
rows of a predetermined (linear) pattern of dark and light
areas in the row direction 208:-3. The columns and rows of
linear block patterns cross each other thereby defining
coordinate areas 212;-3 wherein each crossing point defines a
pivot point 210:1-s. Fach pivot point of a coordinate area may
be associated with a linear pattern of dark and light areas
in the row direction representing a row coordinate of the
coordinate area and a pattern of dark and light areas in the
column direction representing a column coordinate of the
coordinate area. Pivot points mark areas where the rows and
columns cross each other. The linear pattern of dark and
light areas in the column direction of coordinate area 212;
may represent a binary code representing the row coordinate
(e.g. an x coordinate) of the pivot block. Similarly, the
linear pattern of dark and light areas in the row direction

of coordinate area 212; may represent a binary code
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representing the column coordinate (e.g. an y coordinate) of
the pivot block.

In Fig. 2B pivot points are located in a corner,
in this case the bottom left corner, of a coordinating area.
As will be described hereunder in more detail, pivot blocks
may function as markers for enabling the image processing
system to determine where the row and column block patterns
of a coordinate area start. This way, the pattern 204
comprises rows and columns of coordinating areas having a m x
n block size (in this example a 9 x 9 coordinating area),
each defined by a pivot block 2101, a predefined pattern of
blocks in the row direction representing a row coordinate and
a predefined pattern of blocks in the column direction
representing a column coordinate.

As shown in Fig. 1, the image sensor 110 may be
configured to record an image of part of the coded mask 106
that is scaled, rotated and shifted with respect to a
reference pixel 116. The displacement sensor system may
further include an image processing system 112 (a data
processor) configured to obtain the image data from the image
sensor 110, analyse the image data and determining a
displacement 114 of one of the mask 106, the lens 108, or the
image sensor 110 with respect to the other two, as well as
the rotation between the mask 106 and the image sensor 110.
Small scale displacements and rotations are determined by
analysing the chess board pattern, while large scale
displacements of the board pattern are determined on the
basis of (coded) coordinate information that is embedded in
the chess board pattern as described above with reference to
Fig. 2A and 2B.

The steps carried out by the image processing
system for analysing the image of the coded mask are key for
accurate determination of the displacement. The processing of
the image and the subsequent determination of the

displacement are described hereunder in more detail.
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The image processing system may receive one or more
images of the coded mask for processing. In an embodiment,
the image sensor may produce a sequence of images of the
coded mask so that the displacement sensor system may
determine relative displacement and/or rotations as a
function of time. The image data may represent a pattern of
dark and light areas in terms of intensity values.

The image processor may be adapted for determining
a chessboard-1like pattern in the image data. In particular,
the processor may look for an appropriate region of interest
in which the intensity wvalues of dark and light areas provide
sufficient contrast for analysis. The thus selected region of
interest may comprise a m x n pixel matrix of intensity
values.

The thus selected pixel data may be multiplied by a
window function. In an embodiment, the pixel data may be
multiplied by a Hann function. Further, in order to improve
the frequency resolution in the Fourier domain, the m x n
pixel matrix may be padded with zero values thereby forming
an m' x n' pixel matrix, where m' > m and n' > n. In an
embodiment, the pixel data are padded such that m'=2*m and
n'=2*n. In an embodiment, the zero padding may include adding
rows and columns of zero pixel values arranged around the
image of the coded mask.

The data processor may select a pixel (s,t) - a
reference point - near the centre of the imaging plane of the
image sensor (point 116 in Fig. 1) as a reference position.
The reference position may give the complex arguments of the
2D FFT transform of the image a well-defined meaning.

The thus processed matrix of pixel values may be
fed to the input of the data processor that is configured to
determine a 2D FFT transform. The output of the 2D FFT
transform is a complex matrix. The real and imaginary
components may be squared and added in order to obtain
amplitude values forming a 2D FFT spectrum. Elements that are

larger than any of their neighbours may be selected as peak
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candidates. This way a list of peaks (local maxima) in the
absolute values of the complex matrix may be determined.

The FFT result matrix represents the Fourier
transform of the chess board pattern, i.e. the product of two
square waves in perpendicular direction, that dominates the
coded mask. Consequently, the Fourier transform is the
convolution of the Fourier transform of the square wave in 2

dimensions. A square wave can be described as:

vy
Rbedy

This function exhibits maxima at the base frequency f and odd
multiples of the base frequencies. For a 2D chess board
pattern this implies that maxima appear at the following

points for all integer values of i1 and j:

o

THL s S DL Y

wherein the primary peaks of the 2D FFT spectrum are located
at P(1,1) and P(1,-1) in frequency space and the first
harmonic peaks of the 2D FFT spectrum are located at the
positions P(1,£3), P(3, £1) and P (3, £3) in frequency space.

Fig. 3 depicts an example of part of a 2D FFT
spectrum obtained by the process described above. Here, the
size of the circles represents the amplitude of the peaks.
The pattern comprises a main peak 300 at the origin, a pair
of primary peaksA= P(1,1) and B = P(1,-1) 3021,2. The 2D FFT
results of Fig. 3 are presented in frequency space, so the
primary peaks 3021, determine the horizontal and vertical
frequency and direction f=(A+B)/2, g=(A-B)/2, as indicated by
the arrows in the figure.

The data processor may be further configured to

find secondary peaks as linear combinations of the primary
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peaks, and perform a multi-peak fit to refine the peak
positions. The peaks of the first harmonics may be located at
P(1L,x£3), P(3, £1) and P (3, £3) 30414 (i.e. further
harmonics). A least squares fit applied to the secondary
peaks refine f and g.

The angle ¢ between f and the horizontal axis
represents the angle between the coded mask and the sensor.
The projected square size b follows from the length of f and
the image width: b = width/(2*L(f)). The projection scale r
follows from the pixel size p and mask pitch m: r = b*p/m.
Based on the optical formula, r is the ratio between
distances of the sensor to the lens and the lens to the mask:
r = dz/di. The ratio r thus provides the longitudinal
displacement of one of S, L or M given that the other 2 are
considered fixed.

At positions of the primary positions 302;,2 and the
positions of the secondary peaks 30414 the complex argument
of the FFT peak value may be determined. The complex
arguments at the peak positions are illustrated in Fig. 3 by
the half black circles. When the image is shifted
horizontally by (half) a square, the circles at
P(l,£3)P(1,1) and P(1,-1) would rotate by 180 (90) degrees,
indicating a factor -1 (i) in the FFT signal, and the circles
at P(3, £1) and P (3, £3) would rotate by 540 (270) degrees,
i.e. three times as fast. The same holds for vertical shifts.

Ideally, the peaks in the 2D FFT spectrum appear at
very well determined positions. However, when imaging a part
of the chess board pattern onto the imaging plane of the
image sensor an amount of blurr may be introduced. Hence, for
a finite size lens the original image will be convoluted with
an Airy disc pattern, which in practice is very well
approximated by a convolution of the sharp image and a
Gaussian function. Hence, in order to determine the actual
peak positions a fit function may be used in order to
determine an accurate position of the local maxima. For

example, in an embodiment, a Gaussian or parabolic function
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may be used to perform a 2D fit at the local maxima. On the
basis of the fitted function a position of the peak is
determined.

Fig. 4A and 4B show examples of different fits
without zero padding (Fig. 4A) and with zero padding (Fig.
4B) . As shown in Fig. 4A, without zero padding, the frequency
resolution is too little to allow accurate estimation of the
peak position on the basis of a Gaussian fit. In contrast,
applying zero padding to the input signal results in twice
the number of FFT bins, with a peak distributed over three
entries, enabling a stable calculation of the peak position
and amplitude. The detrimental effects of side bands were
suppressed with a suitable window function. Comparison of the
precision obtained with different values for the attenuation
of the Dolph-Chebyshev window showed that 60 dB was optimal.
The performance of this window function is also compared to
that of a Hann window function. These two windows were found
to be very similar.

Peaks at perpendicular angles in the FFT matrix
and with similar distance to the reference (0,0) in the FFT
matrix may be selected. These peaks may be selected taking
into account the image aspect ratio. For example, a
correction factor may be applied to the vertical and/or
horizontal peak coordinates because of the height/width ratio
of the image (typically 640/480, 720/480, or 1920/1080).
Alternatively, and/or in addition, - if applicable - a
correction factor may be applied to the coordinates for the
pixel aspect ratio.

These are all combined in a single multi-peak fit
to get the most precise values for the (primary) horizontal
and vertical frequency and rotation. This multi-peak fit
works remarkably well on a pure chess board pattern, but when
the coded lines and columns are introduced in the chess board
pattern a subtle problem is observed: depending on where
these are in the image, the peaks are shifted in position by

approximately 1% of their width. This shift is considerably



10

15

20

25

30

35

18

larger than the error estimate produced in the peak fit for
the primary peaks, and thus does have an impact on the
accuracy obtained for the magnification and rotation. To
compensate an additional error of 0.0025 FFT bin is taken
into account for the peak position. This wvalue was found to
be optimal when the FFT uses a Hann window. The Dolph-
Chebyshev window turned out to be less well-behaved, thus the
use of the Hann window is preferred.

At the peak positions the complex argument (which
depends linearly on the peak coordinates) provides the shift
of the pattern with respect to the reference position.

A positive and real lowest order FFT peak value
indicates that the function behaves like a cosine, having a
maximum centred around zero. To exploit this, a pixel in the
middle of the image is taken as the reference position, so
that positive real values (so the complex argument is 0) at
the primary peaks would indicate that this pixel is exactly
in the middle of a white square of the pattern, and other
values of the complex argument reflect the shift of the
pattern (modulo 2 times the block size). To obtain the
complex argument of a peak, the real and imaginary values may
be determined by a parabolic interpolation between the
nearest FFT bin and its 4 nearest neighbours. (Alternatively,
one may interpolate the arguments per bin, provided the jump
at +/- m is taken into account.) This way, the primary peaks
may provide a first estimate for the phases by which the
pattern is shifted. This first estimate is then used to
calculate the expected arguments at the harmonic peaks. The
offsets are put into a 2-dimensional linear fit to refine the
original estimate, yielding a phase shift in the X/Y of o«
and ©y.

Hence, as described above, the accurate
determination of the peak positions in the 2D Fourier
spectrum results in an accurate measurement of the size of
squares of the imaged chess board pattern in the f and g

direction and the complex arguments at the peak positions
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relate to a relative shift of the pattern with respect to the
reference position. The accurate determination of the peak
positions in the 2D Fourier spectrum is a result of a
balanced combination of window function (e.g. a Hann or a 60
dB Dolph-Chebyshev window function) and padding. In the prior
art a strong 100 dB Dolph-Chebyshev window function was used
in order to produce a peak in the FFT wide enough to find the
peak position to some precision, however such approach
heavily interferes with the complex arguments so that no
reliable information can be derived from these values. In
contrast, as will be shown hereunder in more detail, the
balanced combination of window function (e.g. a Hann window
function) and padding results in an accuracy better than 60
nm.

The dimensions of the areas (the blocks) forming
the chess board pattern may be determined on the basis of the
image width divided by twice the length of f, and the image
height divided by twice the length of g. From the peak and
phase fit on the FFT data the horizontal and vertical
frequency of the pattern, the rotation angle, and the phases
at the reference position near the middle of the image are
determined. This information is sufficient to calculate the
centre of all blocks of the pattern.

In each block a centre pixel region, e.g. a 3 x 3
pixel region, 1is summed in order suppress noise effects.
Thereafter, the sum is compared to the values of its closest
neighbours, e.g. its eight closest neighbours. A first
digital wvalue, e.g. a zero (“0”), or a second digital value,
e.g. a one (“”1”) wvalue, 1is assigned to a block depending on
whether the sum is closest to the lowest value or highest
value. This way a matrix of binary values is formed wherein
each entry in the matrix is associated with a block in the
image. An entry may have a first binary value (e.g. one) in
case the block is determined to be a dark block and a second
binary value (e.g. a zero) in case the block is determined to
be a light block.
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The global chess board pattern that dominates the
coded mask may be removed from the binary matrix using an XOR
operation (i.e. by flipping all the values that were
predicted to be ‘light’ according to the FFT result). Such
operation exposes a binary pattern in the matrix that
corresponds to the code pattern described with reference to
Fig. 2B. After the XOR operation, the binary matrix comprises
mostly zero values, except for the “ones” representing (dark)
pivot points and the dark areas of the linear patterns of
dark and light areas.

In order to determine the start of the code
patterns in the rows and column direction, the locations of
the pivot blocks need to be determined.

Fig. 5 depicts a schematic of a code pattern that
is derived from an image of a coded mask as described with
reference to Fig. 2. The code pattern is subsequently
transformed in a binary matrix as described above. When the
mask is mounted in its normal orientation, the information
representing the column (X) coordinate may be obtained by
analysing the entries in the binary matrix corresponding to
the row of dark and light areas 5081 along the bottom side of
a coordinate area 504 in the code pattern 502. Starting from
an entry in the binary matrix representing the pivot square S
506 a row or column of binary values in the binary matrix.

Hence, in Fig. 5, the column coordinate of the 9 x
9 coordinate area 504 may be represented by the bit sequence
00010001 in the binary matrix (wherein the pivot square 506
is used to mark the start of the row). Similarly, the column
of squares 5082 along the left side of the coordinate area
504 may be represented by a bit sequence of 00001011 in the
binary matrix. In case the mask is either rotated left by
90°, equivalent to a rotation by 180° around the y axis, the
row numbers will need to be read right to left, while the
column numbers will decrease from left to right. Similar

logic applies when the mask is rotated over 90° or 180°.
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In a perfect image every code line in the binary

matrix has at least 2 out of every 9 values being “1” (one

code bit and the pivot), while the other lines have at most 1

(column code bit); the same holds for the columns. In

practice however noise, light and dark pixels and pieces of

dust on both the sensor and the mask may introduce “error

bits” in the binary matrix.

In order to cope with these errors, the image

processor may execute an algorithm that takes all blocks of

the image into account, i.e. not only the blocks on the code

lines/columns but also blocks that were erroneously

identified.

Hence, for each of the 9 x 9 possible pivot

positions of a coordinate area in the binary matrix a penalty

is calculated for the number of “wrong” bits (wrong blocks)

outside the rows and columns in which the code block patterns

are located. First the number of “1” and “0” bits are counted

per position (mod 9):

for all i, j do

if bl[i,j] then

ones[i mod 9, j mod 9] ++
else

zeros[i mod 9, j mod 9] ++
end if

end for

Then, the penalty for a certain choice is the

number of zeroes on that spot, plus the number of ones

outside its row and column:

pli,j] = zeros[i, ] + Xiszijejlonesl(i2, j271).

The process of determining the pivot of a

coordinate area and the associated lines and columns that

comprise the coded coordinates are schematically depicted in

Fig. 6A-6C.

The processor may analyse part of the binary
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matrix wherein each grid block may either be represented by a
zero (light area 602) or a one (dark area 604). As shown in
Fig. 6A, when the correct set of pivot blocks 606 is
determined, a coordinate area 608 does not comprise any error
bits so that sum of the bits is zero. Image imperfections
6101,2 however may cause a number of error bits. These error
bits that are located outside the code lines/columns (which
should be 0) and on their crossings (which should be 1) are
first counted for every 9 x 9 choices for the lines/columns.

The processor may determine a penalty score by
considering each or at least a substantial part of the
elements in the binary matrix as a candidate pivot point.
Fig. 6B and 6C illustrate how a penalty score is determined
for a possible pivot point. For example, in Fig. 6B,
selecting squares 6062 (mod 9) as a set of candidate pivot
points, the algorithm sums all “1” in the 8 x 8 areas of the
binary matrix, i.e. 32 “1” associated with blocks of
neighbouring coordinate areas and two or three “1” associated
with optical imperfections 6101 and 6102; additionally 4
pivot candidates have a “0” instead of “1”, adding another 4
to the penalty, for a total of 38 or 39.

In a similar way, in Fig. 6C the processor may
determine 20 or 21 “1”, eighteen “1” and again two or three
“1" associated with the optical imperfections adding up to 24
or 25. Hence, the set(s) of candidate pivot points that have
the lowest penalty score(s) may be considered as the pivot
points that need to be used as markers for reading out the
row and column coordinates. The processor may determine the
most probable set of pivot points in the image as the set of
pivot points associated with the lowest penalty: this is
added to the number of discrepancies found when looking up
the code bits to find the total discrepancy count. Hence, the
processor scans from the lowest to highest penalty, until a
solution is found having a total discrepancy count lower than

the next lowest penalty.
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Thereafter, the processor may use the best
candidate pivot points in order to determine first bit
sequences represented by block patterns in the row direction
and second bit sequences represented by block patterns in the
column direction. Each of the first and second bit sequences
may be decoded into row and column coordinates. The processor
may then check the decoded information for correctness. For
example, in an embodiment, it may check whether bit sequences
associated with pivot points in a row direction relate to the
same row coordinate. Similarly, in an embodiment, it may
check whether bit sequences associated with pivot points in a
higher (lower) row relate to a higher (lower) row coordinate.
For example, it will find the range of row coordinates having
the least number of mismatching code bits on the code lines.
These mismatching code bits may be referred to as
discrepancies. Alternatively, and/or in addition, in an
embodiment, it may check whether bit sequences associated
with pivot points in a column direction relate to the same
column coordinate.

Hence, the best candidate pivot points may be used
as a marker for identifying a sequence of binary values in
the row and column direction. This process may include
transforming the sequence of binary values into the row and
column coordinates, counting discrepancies in the binary
values found, adding the discrepancies to the penalty for a
total discrepancy count, and selecting the candidate pivot
point with the lowest total discrepancy count.

When the number of discrepancies in the row and
column coordinates, plus the penalty for the choice of the
pivot points is larger than the penalty of an alternative set

of pivot points, the latter may be considered.

As shown in Fig. 6A-6C, the algorithm is robust
against optical imperfections as “false scores” due to such
optical imperfections are taken into account in the

calculation.
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Hence, as described above, a coded mask 1s used to
accurately determine displacements of the coded mask pattern
wherein small scale displacements and rotations are
determined by analysing the chess board pattern, while large
scale displacements of the board pattern are determined on
the basis of (coded) coordinate information embedded in the
coded mask pattern.

On the basis of part of an image of a coded mask, a
matrix of binary values is produced wherein dark areas of the
coded mask pattern are represented by a “1” and light areas
are represented by a “0”. The binary chess board pattern in
the matrix may be removed by a suitable XOR operation thereby
exposing the coordinate information in the matrix including
coordinate areas, each coordinate area comprising a pivot
block and digital representations (bit sequences) of row and
column coordinates. Then a pivot block of a coordinate area
may be determined by selecting a candidate pivot block and
determining a penalty score on the basis of the number of
dark blocks (“1”) in a coordinate area associated with the
candidate pivot block. This process may be repeated for each
position within an area comprising a coordinate area. The
candidate pivot block associated with the smallest penalty
score is determined as the pivot block associated with a
coordinate area. This pivot block is used as a marker for
reading binary row and column coordinates.

Thereafter, the block in which the reference pixel
is located may be calculated on the basis of the column
number u, column offset i and row number v, row offset j the
block number as follows: (9*u+i, 9*v+j). These values are
multiplied with the known block size thus obtaining the (x,vV)
position. The reference pixel (s,t) on the sensor and the
lens optical centre is now aligned with the position (9*u+i+
Ox/1, 9*v+j+ @y/m) in mask coordinates. This value may be
multiplied by the mask pitch in order to get the (x,Vy)

position in regular units. Depending on the configuration of
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the sensor, lens and mask (x,y) may have the following

meaning:

- When the sensor and lens are considered stable, (X,V)
is the offset of the mask in the perpendicular, and
di - (dz/r) in the longitudinal direction wherein r
is the projection scale as described in more detail
with reference to Fig. 1.

- When the mask and sensor are considered stable, (x,Vy)
may be multiplied by r/(l+r) in order to obtain the
offset of the lens in the perpendicular. Similarly,
(di * r - d2)/(r + 1) provides the offset in the
longitudinal direction.

- When the mask and lens are considered stable, (x,V)
may be multiplied by r in order to obtain the offset
of the sensor in the perpendicular direction.
Similarly, (di * r - dz) provides the offset in the

longitudinal direction.

Fig. 7 depicts the relative movement of a high-
precision linear stage measured by a displacement system
sensor according to an embodiment of the invention. This
figure shows that residuals of the x., measurement as a
function of x mod 20 um exhibits a very strong systematic
deviation, with an amplitude of 0.26 um. The remaining spread
is 0.06 um. Hence, from the above it follows that the
invention allows displacement monitoring with accuracies
below 100 nm using a very simple optical sensor system. The
improved precision makes it possible to use the displacement
sensor system for calibration of high-precision equipment,
like translation and rotation stages.

Further, its reduced sensitivity to image imperfections
extends the applications to low budget gap monitors for home
use and long range monitoring, where a coded mask is

monitored by a long range camera. Further, its high
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performance scalability allows uses for (3D) vibration
analysis.

It is submitted that the invention is not limited
to optical sensors. For example, instead of an optical
system, a well-known microchip capacitive pixel array may be
used to obtain an image of a coded mask. For example, such
capacitive pixel array may be positioned with extreme
precision over glass substrate comprising a metal mask that
is shaped according to a coded mask as described in this
disclosure.

Fig. 8 provides a schematic illustration of a data
processing system 800 operable to implement one or more
aspects of the present invention. As shown, the system x00
includes a block diagram illustrating an exemplary data
processing system that may be used in as described in this
disclosure. Data processing system 800 may include at least
one processor 802 coupled to memory elements 804 through a
system bus 806. As such, the data processing system may store
program code within memory elements 804. Further, processor
802 may execute the program code accessed from memory
elements 804 via system bus 806. In one aspect, data
processing system may be implemented as a computer that is
suitable for storing and/or executing program code. It should
be appreciated, however, that data processing system 800 may
be implemented in the form of any system including a
processor and memory that is capable of performing the
functions described within this specification.

Memory elements 804 may include one or more
physical memory devices such as, for example, local memory
808 and one or more bulk storage devices 810. Local memory
may refer to random access memory or other non-persistent
memory device(s) generally used during actual execution of
the program code. A bulk storage device may be implemented as
a hard drive or other persistent data storage device. The
processing system 800 may also include one or more cache

memories (not shown) that provide temporary storage of at
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least some program code in order to reduce the number of
times program code must be retrieved from bulk storage device
810 during execution.

Input/output (I/0) devices depicted as input device
812 and output device 814 optionally can be coupled to the
data processing system. Examples of input device may include,
but are not limited to, for example, a keyboard, a pointing
device such as a mouse, or the like. Examples of output
device may include, but are not limited to, for example, a
monitor or display, speakers, or the like. Input device
and/or output device may be coupled to data processing system
either directly or through intervening I/0 controllers. A
network adapter 816 may also be coupled to data processing
system to enable it to become coupled to other systems,
computer systems, remote network devices, and/or remote
storage devices through intervening private or public
networks. The network adapter may comprise a data receiver
for receiving data that is transmitted by said systems,
devices and/or networks to said data and a data transmitter
for transmitting data to said systems, devices and/or
networks. Modems, cable modems, and Ethernet cards are
examples of different types of network adapter that may be
used with data processing system.

As pictured in FIG. 8, memory elements 804 may
store an application 818. It should be appreciated that data
processing system 800 may further execute an operating system
(not shown) that can facilitate execution of the application.
RApplication, being implemented in the form of executable
program code, can be executed by data processing system 800,
e.g., by processor 802. Responsive to executing application,
data processing system may be configured to perform one or
more operations to be described herein in further detail.

It is to be understood that any feature described
in relation to any one embodiment may be used alone, or in
combination with other features described, and may also be

used in combination with one or more features of any other of
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the embodiments, or any combination of any other of the
embodiments. Moreover, the invention is not limited to the
embodiments described above, which may be varied within the
scope of the accompanying claims.

The terminology used herein is for the purpose of
describing particular embodiments only and is not intended to
be limiting of the invention. As used herein, the singular
forms "a," "an," and "the" are intended to include the plural
forms as well, unless the context clearly indicates
otherwise. It will be further understood that the terms
"comprises" and/or "comprising," when used in this
specification, specify the presence of stated features,
integers, steps, operations, elements, and/or components, but
do not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components,
and/or groups thereof.

The corresponding structures, materials, acts, and
equivalents of all means or step plus function elements in
the claims below are intended to include any structure,
material, or act for performing the function in combination
with other claimed elements as specifically claimed. The
description of the present invention has been presented for
purposes of illustration and description, but is not intended
to be exhaustive or limited to the invention in the form
disclosed. Many modifications and variations will be apparent
to those of ordinary skill in the art without departing from
the scope and spirit of the invention. The embodiment was
chosen and described in order to best explain the principles
of the invention and the practical application, and to enable
others of ordinary skill in the art to understand the
invention for various embodiments with various modifications

as are suited to the particular use contemplated.
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CONCLUSIES

1. Werkwijze voor het bepalen van een positie van
een referentiepunt op basis van een gecodeerd masker, omvat-
tende:

het verschaffen van een afbeelding van een
deel van het gecodeerde masker, waarbij de afbeelding een pe-
riodiek schaakbordpatroon omvat van donkere en lichte
gebieden; codrdinaatinformatie omvattende lineaire sequenties
van donkere en lichte gebieden ingebed in de rij- en kolom-
richting van het schaakbordpatroon; en, spilpunten die
kruispunten definié&ren van de lineaire sequenties in de rij-
en kolomrichting;
het bepalen van een rij- en kolomcodrdinaat

van een referentiepunt in de afbeelding onder gebruikmaking
van de codrdinaatinformatie, omvattende:

het vormen van een binaire matrix omvat-
tende elementen die donkere en lichte gebieden identificeren
die zijn geassocieerd aan de codrdinaatinformatie, een donker
gebied dat wordt gerepresenteerd door een eerste binaire
waarde en een licht gebied dat wordt gerepresenteerd door een
tweede binaire waarde;

het bepalen van de rij- en kolomcodrdina-
ten van een spilpunt dicht bij het referentiepunt,
omvattende:

het selecteren van elementen in de matrix als kan-
didaatspilpunten,

het voor elk geselecteerd kandidaatspilpunt bereke-
nen van een strafscore op basis van een vooraf bepaalde

verzameling binaire waardes in de matrix en het identificeren
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van de kandidaatspilpunten met de laagste strafscore als de

beste kandidaatspilpunten.

2. Werkwijze volgens conclusie 1, waarbij het vor-
men van de binaire matrix het transformeren omvat van donkere
en lichte gebieden in de afbeelding naar eerste respectieve-
lijk tweeede binaire waarden en het verwijderen van binaire
waarden in de binaire matrix geassocieerd aan het schaakbord-
patroon onder gebruikmaking van een XOR bewerking; en/of,
waarbij het bepalen van de rij- en kolomcodrdinaat omvat:

het gebruiken van het kandidaatspilpunt als een
merkteken voor het identificeren van een opeenvolging van bi-
naire waarden in de rij- en kolomrichting en het
transformeren van de opeenvolging van binaire waarden naar de
rij—- en kolomcodrdinaat, het tellen van afwijkingen/tegen-
stellingen in de gevonden binaire waarden, het optellen wvan
de afwijkingen bij de straf voor een totale afwijktelling, en
het selecteren van het kandidaatspilpunt met de laagste to-

tale discrepantietelling.

3. Werkwijze volgens conclusies 1 of 2, bovendien
omvattend:
het bepalen van een rij- en kolomverspringing
geassocieerd aan het referentiepunt onder gebruikmaking wvan
een Fourieranalyse van het regelmatige schaakbordpatroon in
de afbeelding, waarbij de positie van de referentiepositie
wordt gedefinieerd door de rij- en kolomcodrdinaten en de

rij- en kolomverspringing.

4., Werkwijze volgens conclusie 3, waarbij het bepa-

len van een rij- en kolomverspringing bovendien omvat:
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het bepalen van een complexe matrix door de
afbeelding te onderwerpen aan een tweedimensionale (2D) Fast
Fourier Transform (FFT; snelle Fouriertransformatie);

het bepalen van een veelheid lokale maxima in
de absolute waarden van de complexe matrix, waarbij de lokale
maxima de eerste en verdere harmonischen van het schaakbord-
patroon omvatten;

het berekenen van de rij- en kolomverspringing
op basis van de positie van ten minste een deel van de veel-
heid van lokale maxima en op basis van de complexe argumenten
die zijn geassocieerd met ten minste een deel van de veelheid

van lokale maxima.

5. Werkwijze volgens conclusie 4, waarbij de posi-
tie van de lokale maxima een maat verschaft voor de grootte
van lichte en donkere gebieden in de afbeelding en de com-—
plexe argumenten een verschuiving verschaffen in de rij- en
kolomrichting, waarbij de verschuiving een fractie is van de

grootte van de lichte en donkere gebieden.

6. Werkwijze volgens conclusies 3 tot en met 5,
waarbij voorafgaand aan het uitvoeren van de Fourier-analyse
de afbeelding wordt vermenigvuldigd met een vensterfunctie,

bij voorkeur een Hann vensterfunctie.

7. Werkwijze volgens conclusies 3 tot en met 6,
waarbij voorafgaand aan het uitvoeren van de Fourier-analyse
de pixelwaarden van de afbeelding met nullen opgevuld worden,
bij voorkeur omvat het met nullen opvullen het toevoegen van

rijen en kolommen met nulwaarden rondom de afbeelding.
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8. Werkwijze volgens een van de conclusies 1 tot en
met 7, waarbij het gecodeerde masker optisch afgebeeld wordt
op een beeldsensor onder gebruikmaking van een optisch masker

en een optisch lensstelsel.

9. Werkwijze volgens een van de conclusies 1 tot en
met 7, waarbij het gecodeerde masker capacitatief afgebeeld
wordt op een capacitatieve pixelsensor onder gebruikmaking

van een metalen masker.

10. Werkwijze volgens een van de conclusies 1 tot
en met 9, waarbij het gecodeerde maskerpatroon cobrdinaatge-—
bieden omvat die zijn gerangschikt in de rij- en
kolomrichting, waarbij elk codrdinaatgebied een m x n matrix
van blokken vormt,

waarbij een eerste rij vierkanten langs een eerste
zijde van de codrdinatengebied een eerste codepatroon omvat
dat indicatief is voor een eerste codrdinaat;

een tweede rij vierkanten langs de tweede zijde van
de codrdinatengebied een tweede codepatroon omvat dat indica-
tief is voor een tweede codrdinaat; en,

een spilvierkant is gelegen in de hoek gedefinieerd

door de eerste en tweede zijde van de codrdinatengebied.

11. Sensorsysteem voor het bepalen van een positie
van een referentiepunt op basis van een gecodeerd masker om-
vattende:

een gecodeerd masker omvattende een regelmatig
schaakbordpatroon van donkere en lichte gebieden; codrdinaat-
informatie omvattende lineaire sequenties van donkere en

lichte gebieden ingebed in de rij- en kolomrichting wvan het



10

15

20

25

30

33

schaakbordpatroon; en, spilpunten die kruispunten definiéren
van de lineaire sequenties in de rij- en kolomrichting;

een sensor voor het vastleggen van een afbeelding
van ten minste een gedeelte van het gecodeerde masker;

een door een computer leesbaar opslagmedium met
door een computer leesbare programmacode daarin belichaamd,
en een verwerkingseenheid, bij voorkeur een microprocessor,
gekoppeld met het door een computer leesbare opslagmedium en
de sensor, waarbij in reactie op het uitvoeren van de door
een computer leesbare programmacode, de verwerkingseenheid is
ingericht voor het uitvoeren van bewerkingen omvattende:

het vastleggen van een afbeelding van een deel van
het gecodeerde masker, waarbij de afbeelding een regelmatig
schaakbordpatroon omvat van donkere en lichte gebieden; codr-
dinaatinformatie omvattende lineaire sequenties van donkere
en lichte gebieden ingebed in de rij- en kolomrichting van
het schaakbordpatroon; en, spilpunten die kruispunten defini-
eren van de lineaire sequenties in de rij- en kolomrichting;

het bepalen van een rij- en kolomcodrdinaat van een
referentiepunt in de afbeelding met behulp van de cobrdinaat-
informatie, omvattende:

het vormen van een binaire matrix die elementen om-
vat die donkere en lichte gebieden identificeren die zijn
geassocieerd aan de cobrdinaatinformatie, waarbij een donker
gebied wordt vertegenwoordigd door een eerste binaire waarde
en een licht gebied wordt vertegenwoordigd;

het bepalen van de rij- en kolomcodrdinaten van een
spilpunt nabij het referentiepunt, omvattende: het selecteren
van elementen in de matrix als kandidaat spilpunten, het be-

rekenen voor elk geselecteerd kandidaat spilpunt van een
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strafscore op basis van een vooraf bepaalde verzameling bi-
naire waarden in de matrix en het identificeren van de
kandidaat spilpunten met de laagste strafscores als de beste

kandidaat spilpunten.

12. Sensorsysteem voor het bepalen van een positie
van een referentiepunt op basis van een gecodeerd masker om-
vattende:

een gecodeerde masker omvattende een regelmatig
schaakbordpatroon van donkere en lichte gebieden; codrdinaat-
informatie, waaronder lineaire sequenties van donkere en
lichte gebieden ingebed in de rij- en kolomrichting wvan het
schaakbordpatroon; en, spilpunten die kruispunten definié&ren
van de lineaire sequenties in de rij- en kolomrichting;

een sensor voor het vastleggen van een afbeelding
van ten minste een gedeelte van het gecodeerde masker;

een door een computer leesbaar opslagmedium met
door een computer leesbare programmacode daarmee belichaamd,
en een verwerkingseenheid, bij voorkeur een microprocessor,
gekoppeld met het door een computer leesbare opslagmedium en
de sensor, waarbij in reactie op het uitvoeren van de compu-
ter leesbare programmacode, de verwerkingseenheid is
ingericht om uitvoerbare bewerkingen uit te voeren omvat-
tende:

het bepalen van een rij- en kolomcodrdinaat van een
referentiepunt in de afbeelding onder gebruikmaking van de
cobrdinaten en het bepalen van een rij- en kolomverspringing
geassocieerd met het referentiepunt onder gebruikmaking wvan
een Fourier—-analyse van het regelmatige schaakbordpatroon in

de afbeelding, waarbij de positie van de referentiepositie
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wordt bepaald door de rij—- en kolomcodrdinaten en de rij- en
kolomverspringing;

waarbij voorafgaand aan de Fourieranalyse de af-
beelding wordt vermenigvuldigd met een vensterfunctie, bij
voorkeur een Hann vensterfunctie en waarbij de pixelwaarden
van de afbeelding met nullen worden aangevuld, bij voorkeur
de nul opvulling omvattende het toevoegen van rijen en kolom-—

men van nulwaarden rondom het beeld.

13. Systeem volgens conclusies 11 of 12, waarbij
het gecodeerde masker optisch wordt afgebeeld op een beeld-
sensor onder gebruikmaking van een optisch masker en een

optisch lensstelsel.

14. Systeem volgens conclusies 11 of 12, waarbij
het gecodeerde masker capacitatief wordt afgebeeld op een ca-
pacitatieve pixelsensor onder gebruikmaking van een metalen

masker.

15. Computerprogrammaproduct omvattende programma-—
codegedeelten ingericht voor het, wanneer deze worden
gedraaid in het geheugen van een computer, uitvoeren van de
werkwijzestappen volgens een van de conclusies 1 tot en met

10.
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ABSTRACT

The invention relates to a computer-implemented method
for processing images of a 2D coded mask pattern that is imaged
by an optical system on an image sensor, the method comprising:
multiplying an image of the 2D coded mask pattern comprising a
chess board pattern by a window function to obtain an input
image; applying a two-dimensional (2D) Fast Fourier Transform
(FFT) to the input image to obtain a complex matrix; determining
a plurality of local maxima in the absolute values of the
complex matrix; performing a 2D fit of positions of the
determined plurality of the local maxima to obtain a position;
calculate complex arguments of the peak values using
interpolation in 2D; and, calculate positions of the squares by
combining the peak positions that provide the square sizes and

the complex arguments that provide the shift.
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WRITTEN OPINION

File No Filing date {daydronthieart | Pricvity date {dayimonitiyear) | Application Ne:
SNB7248 19.02.2018 P NLR2OIS286

imarrzaiimait Patent Classification flPC}

NV, BO1D526 GOIDERE G01D584

Applicant
FOM-Nikhef

This opinion cantains indications refating to the Tollowing items:

B soxNe:
3 Bax Ne.
3 BoxNeo:
I3 Box Ne,
B o Na, !
3 Box No.
Box Ne.

Vi
i)

Basis of the gpinion

Pricrity

Non-sstablistiment of opin‘é,on with regard o novelty, irvantiva ategeand fduatrial a‘pp«licahi}iéy
Lack of unity of inventian

Feasunad staternent with regard to novelty, inventive step or industrial
applicabilty; cildions and explagations suppording such statement

Ceriain doecumsnis oited
Cerfain defects in the application

Box No. Vill  Cerair observations o the application

| Kuchenbecker, J

Forem MLRITA {Dokbisa) {July 20064
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Box No.1 Basis of this opinion

. This opinion hias bean established ot the basis.of the latest set of claims filed before the start of the search.

2. With regard to any nuclectide andior amino acid sequence distlosed i the application and necessary tothe

claimed invention, tis opiion hag bHeen astablishied on the basis of:
a. type of matarial:

Bl asequence Hsting

L1 tableds) related to the sequence listing
b. format of materiah

o oen papet

£ iy electronic form
. time of flingfurnishing:

(1 contained inthe application as filed.

1 riled fogether with the application in electronic form.

1 hurnished subseguently for the purposes of search.
. inaddition, inthe case that more than one version or copy of a ssquencs listing andior table relating thersto
has bean filed or furnished; the required staternents that thednformation in the subseguent or additional
copias isddentical ko that in the application as Hiled or does not go beyond the application as filed, as
appropriate, wera furnishad:

« Additional comments:

Box Ne. V' Reasoned statement with regard 10 novedly, inventive step or industrial applicability;
citations and explanations supporting such statement

e

1. Staterment
Nowelty Yes: Claims 115
No:  Claims
Invantive step Yes: Claims: 115
Ma:- Claims
tndustrial applicability Yeg: Claims 115

Ng:  Olaims

Citations and explanations

see separate sheet

MLRITE (duly 2008y
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Box Ne. Vit Certain defects in the application

sea separate sheet

Box No.Vill  Cernlain observations on the application

see separate sheet
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WRITTEN OPINION Application number
{SEPARATE SHEET) NL2016286

Re ltem V

Heasoned statement with regard to novelly, inventive step or industrial
applicability; citations and explanations supporting such statement

Reference is mads to the following documents:

B

D2

D3

D4

D8

11

Nikkie Deelen: "NIKHEF Alignment Sensors developed for CLIC Status
and Latest Results”,

28 januari 2015 (2015-01-28), bladzijden 1-15, XP055336145,

Clic Workshop 2015, Zurich

Gevonden op het interagt:

URL:htlpsindico. cern.chievent/336335/ contribution/788071/
attachments/857794/80437 1/CLICWorkshop. pdf

fgevonden op 2017-01:17]

EP 2 538 179 A2 (CANON KK [JP)) 26 december 2012 (2012-12-26)

DE 10 2006 010161 A1 (HEIDENHAIN GMBH DR JOHANNES [DE];
FACHHOCHSCHULE DEGGENDORF [DED 20 augustus 2007
(2007-08-30)

EP 1 620 828 A1 (ANOTO (P LIC HB [SE] 1 februari 2006 (2006-02-01)

EP 2083 209 Al (SICK AG [DE]) 29 juli 2008 (2009-07-29)

independent claims 1, 11 and 12

insofar as the claims can be understood (see the clarity objections in item VI
below) it seems that document D1 (cf. pages 4 and 5) can be regarded as
being the closest prior art to the subject-matier of claim 1.

it discloses a method for determining a position of a reference point on the
basis of a coded mask comprising:

a) providing an image of par of the coded mask, the image comprising a
regular chess board pattern of dark and light areas; coordinate infonmation
including lingar sequences of dark and ight areas embedded in the row and
solumn direction of the chess board pattern; and, pivot points {("spilpunien®)
defining crossing points of the linear sequences in the row and column
direction,

Frem QL2372 {separate sheeti {3y SGHSYT {shaad 1)
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1.2

1.3

1.4

The subject-malier of the independent claims 1, 11 and 12 seems to differ
from document D1 in that:

a) a reference point is determined based on pivol points with the lowest
penally scores as defingd in claims 1 and 11 (with essential feature missing,
see item VI below)} or determined based on row and column ofiset as
defined in claim 12 {with essential feature missing, ses item VIl below).

The use of pivol points, candidate pivot poinis and reference points as
defined, permitting to determiine a position of a reference point, is neither
dis-cigs‘ed in, nor rendered obvious by D1 or the other prior art documents
cited iry the search report.

Consequently, although not meeting the requirements for clarity {see item VI
below). the subject-matier of independent claims 1, 11 and 12 seems 10 be
new and inventive.

Dependent claims 2-10 and 13-15

As dependent claims 2-10 and 13-15 dependent on claims 1, 11 and/or 12
and as such also meet the requirements of novelty and inventive step (for the
independent claims see also item VI

Certain defects in the application

1 The relevant background art disclosed in documsnt D1 is not mentioned in
the description, nor is this document identified therein.

2 The features of claims 1-15are not provided with reference signs placed in
parentheses.

Be ltern VIl

Certain observations on the application

1
1.1

independent claims 1, 11 and 12 are not clear.
Essential feature missing:

Fowin NLES7-2 {separale sheetl {duly 20001 iheet !
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il is not clear from claims 1,11 and 12 how the position of the reference point
is determined. The application relates to determining a position of a reference
point but in the independent claims, it is not explained how this is done.

Independent claims 1 and 11 do not define the relationship betweern the best
candidate pivol point and the reference point.

in independent claim 12 (claim 12: page 34, {ast line —~ page 35, ing 2) it is
nat clear which row and column coordinates and row and calumn cogrdinate
offsets are used 1o determing the reference point, since a chess board
pattern {claim 12: page 34, lines 9-14) comprises a plurality of tow and
cotumn coordinates.

1.2 Lack of canciseness:

Although claims 11 and 12 have been drafted as separate independent
claims, they appear to relate effectively to the same subject-matter and to
differ from each other only with regard to the definition of the subject-matier
for which protection is sought and/or in respect of the terminology used for the
features of that subject-matier. The aforementioned claims lack therefore
concisenass, ses also point 1.3 below.

1.3 Unity of invention:

Since claim 12 does not defing a penalty score, it {s not clear what would be
the inventive concept linking independent claim 12 with independent claims 1
angd 11. Consequently, it is not clear whether the requirements of unity of
invention are met,

Frem QL2372 {sepurate sheet {3y SGHSYT {shaad 13}
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