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Deflectometric techniques

Description

Technical field
Examples here refer, inter alia, to deflectometric techniques.

Examples here refer to apparatus, systems and methods for deriving properties of an
object, e.g., by using optical techniques.

For example, methods and apparatus for dense optical encoding of surface points in the
presence of shifted signal admixtures using band-limited stochastic patterns are

disclosed,

Background
High-resolution digital cameras enable sophisticated measurement techniques that

facilitate numerous applications in the fields of computer vision and optical metrology. For
example, deflectometry [10] (Fig. 1) may be sensitive to shape variations of specular and
transparent objects in the range of nanometers, which is comparable to the performance
of interferometers [3]. Camera-based methods rely on a precise understanding of the view

ray geometry.

Camera-to-world point correspondences. The geometry of camera imaging can be
mathematically described as a projective mapping from 3D world points of an observed
scene to 2D image points (Fig. 2). By learning the properties of this mapping, one can
characterize the scene, the camera, and the medium between them. This principle is
employed to perform such fundamental tasks as camera calibration, camera pose

estimation, object size measurements, etc.

Typically, one studies a camera mapping by employing special calibration objects with
some identifiable point-like features whose 3D positions are known. By detecting these
features in the camera image, one establishes a number of point correspondences ]

between the camera pixel positions 7 = (u, v)T and the respective 3D feature locations

ﬁ = (x,y,z)T,
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Checkerboard pattern identification. One of ubiquitous examples of this strategy uses
flat checkerboard patterns [5] in which cell corners can be reliably and accurately detected
using common edge detection algorithms (Fig. 3). This method, implemented e.g. in the
popular OpenCV library [1], is fast and robust against moderate camera distortions,
illumination and exposure variations. However, due to its heuristic nature, it cannot
produce any uncertainty estimates for the results, and it fails for severely distorted or
defocused images. As the output dataset, from a single image of a static calibration board
one obtains a sparse set of N isolated correspondences {; - P }i~, , Where
N~0(10%...102).

Active screens technique. Sparse sets of a few dozen isolated points per image are not
sufficient for more demanding metrological applications such as deflectometry. In such
cases, it is beneficial to use flat screens instead of static calibration objects and display
special “coding” patterns without changing the scene or moving the camera (the approach
known as the method of active screens / active targets [9]). This way, each screen pixel
transmits a sequence of values encoding its position on the screen. When the sequence
for each camera pixel is decoded, one usually obtains a dense set of correspondences
{7 — B}, 7 € Q, where the region Q of the decoded camera pixels in the sensor space may

be as large as the entire frame.

Cosine phase-shifted pattern sequences (CPSPSs). One realization of the active
screens technigue uses patterns modulated by a cosine function along the x- or y-
direction (Figs. 4, 1). A pattern sequence usually contains several phase shifts for each
period of the modulation function and uses cosines of several periods to facilitate the
unambiguous decoding. In addition to a dense dataset, the method may deliver an
estimate of the decoding uncertainty 57 [4] and even an estimate of the local modulation
transfer function (blurring kernel) in each pixel [7]. Since the decoding is performed in
each pixel independently, it is robust with respect to arbitrary distortions and rather strong

blurring (depending on the parameters of the coding patterns).

Formulation of typical problems

Let us consider a problem of deflectometric characterization of a specular surface as in
Fig. 5a. For a mirror surface, in each camera pixel a CPSPS encodes a single point on the
coding screen. Upon decoding, this information is sufficient to recover the shape of the
reflective surface. In the first approximation, the relation between the coding screen
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intensity s(g) at some point  and the gray value g(#) in the respective camera pixel 7 is

linear, i.e.

g(@) =A+Bs@) + dg, (1)

where &g is the random noise term, and 4, B are some (unknown) coefficients.

In case the object is transparent as in Fig. 5b, the value observed in a camera pixel is a
mixture of overlapping signals originating in several distinct screen points:

g(@) = A+ By s(fy) + By 5(f3) ++ + By, s(Bn) + 89, (2)

with p4,... , B, being some distinct points on the screen, and A, By, ..., B, some (unknown)

coefficients.

An example of such camera image (a black-and-white checkerboard pattern reflecting
from a glass lens) is shown in Fig. 6. Fig. 6 shows a checkerboard pattern 60 reflecting in
a plano-convex lens. The back-side and the front-side reflections clearly overlap,

preventing the identification of the cell corners.

In order to study the two reflecting surfaces of this lens, one has to allow for dense multi-
valued point correspondences according to Eq. 2, i.e. one needs to determine

{ﬁ - [ﬁll '"rﬁn]}’ﬁ! € Q (3)

Prior art
There is presently no satisfactory solution to decode multi-valued point correspondences

in the formulation as described above.

When studying transparent objects with non-sensitive surfaces, one practical approach
may be to suppress the secondary reflections appearing in a setup as in Fig. 5b by e.g.
immersing one side of the object into a liquid with a matching refractive index or by
painting the secondary surface with an absorbing substance. For a non-contact (and non-
destructive) measurement, one may switch to a different spectral range - e.g., in UV light,
the secondary reflection in a lens would disappear. This is, however, inconvenient - UV

(Fn
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cameras are expensive, and no common technology to produce arbitrary UV patterns

exists.

In the visual spectrum, as can be deduced from Fig. 8, heuristics such as checkerboard
detection are not reliable in the presence of overlapping signals. The CPSPSs without
modifications are also inapplicable. As may be easily established, the naive decoding of a

mixed signal as in Eq. 2 will produce unpredictable and therefore useless results.

In 2009, Faber et al [2] suggested a solution to this problem based on CPSPSs with a
large number of spatial wavelengths (much higher than in common applications) and a
modified decoding scheme based on numerical optimization. Although the details of their
method were not disclosed, they reported on a successful extraction of the dominant
reflected signal contribution in the presence of a double signal overlapping (i.e. the
produced result was the set of mappings {7 — p,} in terms of Eq. 2withn =2 and B, =

B, for each pixel).

In that paper, the method was shown to suffer from numerical instabilities and decoding
failures in the regions where the respective screen points were not sufficiently well
separated (i.e., |p; — p2| was below some minimum value). The uncertainty of the
decoding was not characterized, and the possible effects from triple or quadruple signal

overlaps were not discussed.

As detailed in the following Sections, the present techniques may exploit stochastic band-
limited patterns. Such patterns have already been studied in optical metrology. In the
context of pattern-projection techniques, Wiegmann et al [11] and later Schaffer et al [8]
introduced band-limited stochastic patterns and evaluated their advantages compared to
pre-existing coding methods. Their main goal was to replace slow digital projectors with
alternative projecting devices (stochastic patterns can be generated very fast using certain
analog techniques such as diffusing of laser speckle distributions).

Both these teams focused on applying stochastic patterns to 3D surface measurement of
diffuse objects using pattern projection and therefore were only interested in single-valued
(camera-pixel-to-camera-pixel) point correspondences. Applications of stochastic patterns
to specular surfaces or transparent objects and the extraction of multi-valued point

correspondences have not been investigated by these teams, nor, in fact, by anyone else

before.
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Figures
Fig. 1 shows the principle of deflectometric measurement according to the prior art.

Fig. 2 shows a mapping implemented by a camera from world 3D points to sensor pixels.
Figs. 3 and 4 show devices according to the prior art.

Figs 5a and 5b show systems according to examples.

Fig. 6 shows an image of a checkerboard pattern reflected in a plano-convex lens (prior
art).

Fig. 7a shows a pattern according to examples.
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Fig. 7b shows a surface plot of an autocorrelation function according to examples.

Fig. 8 shows contour plots of an autocorrelation function according to examples.

Fig. 9a shows a camera image as acquired according to examples.

Fig. 9b shows a color map of a normalized correlation function according to examples.

Figs. 10a-10d show color-coded screen point coordinates decoded according to

examples.

Fig. 11 shows a decoding technique according to examples.

Figs. 12-15 show auxiliary methods according to examples.

Fig. 16 shows a system according to an example.

Summary

In accordance to examples, there is proposed an apparatus for deriving properties of an

object on the basis of;

- asequence of reference patterns displayed by a reference device, the sequence

of reference patterns being displayed at subsequent time instants by the reference

device so that light emitted by the reference device is incident on the object;

- asequence of images, the images being obtained at time instants from the light

emitted by the reference device according to the reference patterns and

transported to a sensing device via optical paths which involve inner and/or outer

reflections from the surface and/or propagation through the volume of the object,

the apparatus being configured, for at least one image pixel position in each of the

images of the sequence of images, to:

- perform a processing of images to obtain a similarity function between:

o]

a plurality of reference codes, each reference code being associated to one
reference pixel position in the reference patterns, each reference code
carrying information on the evolution of the optical radiation intensity of the
reference device position modulated by the value of the reference pattern
pixel at the reference pixel position during the time instants; and

an acquired code associated to the image pixel position, the acquired code
carrying information on the evolution, in the sequence of images, of the

optical radiation intensity acquired for the image pixel position;

at least one peak in the similarity function, the peak being a local peak or a
global peak between the values of the similarity function; and
for at least one found peak, a maximizing reference pixel position

associated to the at least one peak; and
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- for each found peak:
o associate the maximizing reference pixel position to the image pixel
position.
In examples, the apparatus may be configured to determine, for at least one image pixel
position, a relationship between:
- the optical radiation intensity at the image pixel position; and
- the optical radiation intensity(ies) at the at least one maximizing reference pixel
position(s),
the relationship being based on:
- at least one coefficient associated to:
o the reference code(s) associated to the maximizing reference pixel
position; and
o the acquired code associated to the image pixel position; and/or
- at least one constant term based on the acquired code and the at least one
coefficient.
In examples, the apparatus may be configured, for the at least one image pixel position,
to:
use obtained parameters of n>1 found peaks in the similarity function with the
highest peak similarity values achieved at maximizing reference pixel positions g1, ..., an
to obtain a relationship
g(@) = A+ Bys(d,) + -+ +Bps(dn) + 69
between the reference codes s(d,), ..., s(4,) and the acquired code g(7) at at least one
image pixel position 7.
In examples, the apparatus may be configured, for the at least one image pixel
position, to:
use differential properties of the similarity function with respect to peaks obtained
at different peak positions in order to estimate the uncertainty in the determination of
maximizing reference pixel position.
In examples, the apparatus may be configured to:
perform the image processing with a similarity function being a normalized
correlation defined as

- o A a” _ G=tgy1
C(s,g)=58-3, where g=m

in examples, the apparatus may be configured to:

, and (g) ==%K, g, and similarly for §.
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generate at least one reference pattern as an image with reference values
obtained by a stochastic method and/or stochastically generating the at least one
reference pattern, and/or
wherein at least one reference pattern is generated as an image with a spatial spectrum
featuring a maximum frequency cut-off associated to a minimum spatial correlation length.
In examples, the apparatus may be configured to:
for at least one time instant, adaptively prepare at least one pattern to be displayed
at a time instant on the basis of the codes acquired at preceding time instants.
In examples, the apparatus may be configured to:
adaptively choose, on the basis of the acquired codes, a minimum spatial
correlation length parameter of the reference patterns so as to define a band-limited
spatial spectrum for the subsequent patterns.
In examples, the apparatus may be configured to:
define the minimum spatial correlation length parameter of the reference patterns
so that the computational effort spent on data processing does not exceed a selected or
predetermined limit or threshold.
In examples, the apparatus may be configured to:
for at least one time instant, prepare a reference pattern or a sequence of
reference patterns under at least one of the following conditions:
- the autocorrelation function of the reference codes falling off to zero towards away
from zero displacement;
- the autocorrelation function of the reference codes having maximum peak at zero
displacement; ‘
- the autocorrelation function of the reference codes peak having a finite width at
zero displacement.
In examples, the apparatus may be configured to obtain a minimum spatial correlation
length parameter; and
further configured to, after having found a peak in the similarity function and the
associated maximizing reference pixel position, search for a local peak among the
reference pattern pixel positions whose distance from the maximizing reference pixel
position is greater than the minimum spatial correlation length parameter.
In examples, the apparatus may be configured to:
define reference patterns which are stochastically independent from each other for
different time instants.
In examples, the apparatus may be configured to:

[‘3‘1
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define, for different pixel positions in the same pattern out of a predetermined
interval, reference codes which are uncorrelated with each other.
In examples, the apparatus may be configured to:

modify the relative position between the object and the sensing device and/or
reference device on the basis of acquired codes associated to the plurality of image pixel
positions, to minimize the number of pixel positions for which the peaks in the respective
similarity functions overlap and/or to minimize occurrences in which the individual peak
identification fails.
in examples, the apparatus may be configured to:

define and/or display at least one of the reference patterns using a random
physical process involving at least one of the following effects: laser speckies, flame,
fumes, clouds, surface waves, or turbulence.
In examples, the apparatus may be configured to collect values associated to:

- the at least one image pixel position and the associated maximizing reference
pixel position(s) and/or

- reference code(s) and/or acquired code(s); and/or

- relationship(s) between the optical radiation intensity(ies) of the reference pixels(s)
and the optical radiation intensities of the acquired pixel(s); and/or

- similarity value(s); and/or

- incremental values associated to any of the data or information or numerical
values above,

so as to compare the collected values to threshold statistical values and/or to

threshold expected values.
In examples there is provided a deflectometric method which may derive properties of an
object for example on the basis of.

- asequence of reference patterns displayed by a reference device, the sequence
of reference patterns being displayed at subsequent time instants by the reference
device so that light emitted by the reference device is incident on the object; and/or

- asequence of images, the images being obtained at time instants from the light
emitted by the reference device according to the reference patterns and
transported to a sensing device via optical paths which involve inner and/or outer
reflections from the surface and/or propagation through the volume of the object,

the method comprising, for at least one image pixel position in the sequence of

images, to perform at least one of the following steps:

- performing a processing of images to obtain a similarity function between:
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o a plurality of reference codes, each reference code being associated to one
reference pixel position in the reference patterns, each reference code
carrying information on the evolution of the optical radiation intensity of the
reference device position modulated by the value of the reference pattern
pixel at the reference pixel position during the time instants; and

o an acquired code associated to the image pixel position, the acquired code
carrying information on the evolution, in the sequence of images, of the
optical radiation intensity acquired for the image pixel position;

- finding:

o atleast one peak in the similarity function; and

o forthe at least one found peak, a maximizing reference pixel position; and
- for each found peak:

o associate the maximizing reference pixel position to an image pixel
position.

According to examples, there is provided a non-transitory storage device storing
instructions which, when executed by a processor, cause the processor to perform one of

the methods above or below.

o

eneral discussion of examples

As discussed above, we assume that an optical system comprising, for example, a
reference device (e.g., a screen or a “cave”), an object, and a camera, obtains and/or
processes an image of screen pixels on the camera sensor. Before reaching the sensor,
light emitted by the screen may reflect from the outer surfaces, propagate through the
volume, and/or reflect from the inner surfaces of the studied object. Due to multiple viable
optical paths, each sensor pixel 7 (with coordinates (u, v), for example) may receive light
from one or several screen pixels denoted as g (with coordinates (x,y) or (x,y,z), for

example) as shown in Fig. 5b.

Reference can be made to Fig. 5a, which shows a system 50’ configured to derive the
properties of a specular object (mirror) 53'. A camera 54 (or another imaging sensor)
acquires images displayed by a reference device 56. For example, light emitted at the
point (reference pixel position) p; is transported along the path (ray) 57a and reflects from
the external surface 53a’ of the object 53’ according to the reflection law. After that, it
follows the path 57b and hits the sensor of the camera 54 at a pixel with coordinates 7. In
Fig. 5a, the reference pixel position g, in the reference pattern maps onto the image pixel

position 7,. For the sake of clarity, Fig. 5a shows the path of light originating from a single
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reference pixel p,. In general, different reference pixels would be mapped onto different

image pixels.

Reference is now made to Fig. 5b, which shows a system 50 to derive properties of a
transparent object 53. Light emitted at different reference pixel positions g, 7., and 5
reaches the same image pixel position 7, in the camera 54 by virtue of multiple internal
reflections (see paths 57", 57" between the surfaces 53a and 53b) facilitated by the
transparency of the material. Hence, the possibility of determining the geometry of the
object 53 is rendered complicated. For example, with the prior art techniques, by simply
examining the acquired optical radiation intensity of image pixel position 7,, it would not
be possible to distinguish between the components of the intensity originating at each of

D1, B2, and ps.

With the present examples, the system 50 comprises a controller 52 (which may be an
apparatus or part of an apparatus) which permits to derive the properties of the

transparent object 53.

Here, the reference device 56 may display a sequence of reference patterns at different
and subsequent time instants. For example, in Fig. 5b, light is emitted at the reference
pixel positions g, p,, and g; according to e.g. the reference pattern 70 (Fig. 7a). For each
reference pixel position g, p,, and g, a respective intensity value s(3,), s(p,), and s(g3)
may be defined by each reference pattern such as e.g. 70. For each reference pixel
position py, B,, and g,, the intensity value may be, for example, between a 0 value (e.g.,
no light) and a maximum value (e.g., maximum intensity). Each reference pattern defines
different intensity values for all reference pixel positions. Each reference pattern may be
represented as a matrix (e.g., stored in a memory), each entry of the matrix being
associated to a particular reference pixel position (e.g., with two-dimensional coordinates
x,y), with the value being the intensity value. The entries of the matrix may be
communicated to the reference device 56, for example, by the controller 52 (e.g., via
digital communication, such as a cable or wireless communication). An example of a
reference pattern is the pattern 70 shown in Fig. 7a. Basically, the reference device 56
may be understood as modulating the intensity of pixels on the reference screen (e.g., on
the basis of the values in the entries of the matrix under the control of the controller 52).
Notably, in the examples here, reference is made to a “screen” (which may be, for
example, a digital display). However, it is also possible to make use of “caves”, projection
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screens, or other devices which are conﬁguréd to modulate the intensity of light emitted by
some (flat or curved) surface according to arbitrary patterns.

Synchronously to the display of the reference patterns by the reference device 56, a
sequence of images may be acquired by the camera 54. In particular, the camera 54 may
acquire the light emitted by the reference device 56 according to the reference patterns
(such as e.g. 70) and transported to the camera 54 (or another sensing device) via an
optical path (e.g., 57’, 57", 57" and 57b). The optical path may involve inner and/or outer
reflections from the surfaces 53a and 53b of the object 53 (in other examples a
propagation through the volume of the object may be provided). Each image acquired by
the camera 54 may also be represented as a matrix in two dimensions (with coordinates
u, v, for example), each entry corresponding to an intensity value. The entries of the
matrix may be communicated to the controller 52, for example.

The controller 52 may control the activities of the system 50, e.g., of the reference device
56 and/or of the camera 54. For example, the controller 52 may generate reference
patterns (such as e.g. 70) and/or may synchronously control their acquisition by the
camera 54. (In examples, the sequence of reference patterns 70 may be stored in a
memory and provided to the reference device 56 when needed. In examples, the
controller 52 may obtain the sequence of reference patterns and/or the sequence of
images acquired by the camera 54 and process them, at least partially, during an offline

session.)

The camera 54 may be placed so as to be in static relationship with the object 53 when
acquiring the images. The reference device 56 may be placed so as to be in static
relationship with the object 53 during the emission of the light (display of the patterns).
The controller 52 may be aware of the relative positions between the camera 54, the
reference device 56, and/or the object 53. Therefore, the controller 52 may reconstruct the
real shape of the object 52 or, at least, may derive some structural properties of the object
53.

In examples, systems which move the camera 54 and/or the object 53 and/or the
reference device 56 may be provided, so as to perform different measurement sessions
with different relative positions between the camera 54, the reference device 56, and/or
the object 53.
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In examples, calibration methods may be possible in which, after having obtained a first
measurement with an initial geometrical relationship between the camera, the object and
the reference device, a second, different geometrical relationship between these elements
may be chosen to ameliorate the measurements.

A hardware setup may be used to maintain the elements of the system in a static
relationship and to control the relative motion between them in case of necessity (e.g.,
calibration). Motors and actuators may be controlled by the controller 52 to move the
camera 54, the reference device 56, and/or the object 53 into different positions.

The controller 52 is aware of the patterns that have been displayed by the reference
device 56, and may determine the properties (e.g., geometrical properties, quality-related
properties, etc.) of the object 53 by analyzing the sequence of acquired images obtained
from the different reference patterns. By decoding codes modulated by the reference
device 56 and acquired by the camera 54, the controller 52 may determine
correspondences between the camera pixels () and the emitting reference screen pixels
(B). Accordingly, it is possible to establish, on the basis of the positional relationships
between the object 53, the camera 54 and the reference device 56, properties associated

to the geometry of the object 53.

In examples, the controller 52 may process the sequence of images on the basis of a
similarity function. The similarity function may be obtained from a plurality of reference
codes (3(p)). Each reference code $(p) may be associated to a particular reference pixel
position 7 for the sequence of reference patterns. For example, if the sequence of images
is formed by K = 200 images, for each pixel position g, the reference code will be a vector
with K values, whose ki value is associated to the intensity of that pixel for the k™
reference pattern. Each reference code may carry information on the evolution of the
optical radiation intensity and may be expressed as a vector (s, s, ..., Sk, -, Sg), for
example (K may be a value such as 200, or more than 10, or between 150 and 250, for
example). Therefore, the light emitted at each reference pixel position p varies its intensity
to form a reference code described by the vector (s4, 54, ..., Sg, ..., Sg). The values of each
reference code are known a priori. They may have been pre-computed or generated by

the controller 52 during the session.

The similarity function also takes into consideration the acquired codes (%) associated to

the image pixels 7. For each pixel 7 of each image 1, ..., k, ..., K acquired by the camera
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54, the acquired intensity will be an entry g, (%) of the code g(%). The acquired code §(7)
carries information on the evolution in the sequence of images acquired by the camera 54,
of the optical radiation intensity (g4, g2, -.-, 9x, ---» 9x) @cquired for the image pixel position

-
.

The similarity function may be, for example, a correlation function such as a normalized
correlation function, a covariance-based function, etc. The similarity function may give
information on a statistical relationship between the light intensities as emitted by the
reference device 56 and the light intensities as acquired by the camera 54.

It has been noted that, for each camera pixel 7, a peak in the similarity function (e.g., in
the absolute value, in some examples) may be understood as indicating the pixel which,
among all pixels of the reference device 56, contributes the most light to the illumination of
the camera pixel 7. With reference to the acquired pixel position 7, in Fig. 5b, for
example, the peak in the similarity function may be associated with the pixel position g, in
the reference device 56: as can be noted, the path 57’ taken by the light is more direct
than the paths 57" and 57", and the contribution of the pixel g, to the acquired intensity at
7,is expected to be greater than the contribution of g, and g,. The contribution provided
by 7, and #; to the light intensity at 7, is likely to be lower than the contribution of 7y, i.e.,

by virtue of the light losses due to multiple reflections between the surfaces 53 and 53b.

With the present examples, by finding the reference pixel position which maximizes the
similarity function (e.g., absolute maximum), a position relating to the dominant
contributing pixel §; may be obtained. The dominant pixel p; may be associated, for

example, to the acquired pixel position 7.

However, it has been understood that also the positions associated to at least another,
secondary dominant pixel g, can be retrieved, e.g., by finding a locally maximizing

reference pixel position (e.g., a secondary local peak) in the similarity function.

An example is discussed with reference to Figs. 9a and 9b. Fig. 9a shows an image 90 as
acquired by the camera 54 (this could be one of the K = 200 images acquired from 200
image acquisitions in synchronisation with the display of the sequence of 200 reference
patterns). (The coordinates in Fig. 9a correspond to the camera pixel positions 7.) Each
acquired pixel position (mapped in the coordinates u, v) may be associated to an intensity

value stored in a matrix after the acquisition. Let us consider the camera pixel position 7;
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referred to as 91. Fig. 9b shows a plot 92 of a correlation function corresponding to the
pixel position 7, (the higher the similarity, the less intense the color for each pixel position)
depending on the reference pixel positions 7 (mapped in the coordinates x, y). As can be
seen, an absolute maximum 93 and a local maximum 94 have been identified by
searching based on the similarity function, and by finding out the two locally maximizing
positions. The absolute maximum 93 in the correlation function of Fig. 9b corresponds to
the directly reflected signal (the respective screen pixel position). The second, local
maximum 94 in the correlation function of Fig. 9b corresponds to a different contributing
optical path, and the respective maximizing screen position cannot be obtained with the
techniques according to the prior art. Techniques of relative peak finding are per se

known.

As can be understood by comparing Fig. 9b with Fig. 5b, a geometrical relationship
between the first (absolute) maximum 93 and the second (local) maximum 94 is related to
the different optical paths taken by the light. Therefore, it is possible to obtain relationships
between the reference pattern pixels in the reference device 56 and the camera image
pixels acquired by the camera 54. With reference to Fig. 5b, it is now possible to

understand:

- the pixel position 91 of Fig. 9a as the pixel position 7, in the acquired image;
- the pixel position 93 of Fig. 9b as the maximizing position 7, in the reference
pattern; and
- the pixel position 94 of Fig. 9b as the locally maximizing pixel position p, in the
reference pattern.
It may also be determined that the preferable association for the camera pixel position 91
is the reference screen pixel position 93. The pixel position 94 (and its displacement from
the position 93) may also provide information about the object (e.g., on the thickness, on

the material, etc.).

Fig. 8 shows a peak 93’ and a local peak 94’ in a normalized correlation function 80. In
particular, Fig. 8 shows a similarity function profile for a single camera pixel in a synthetic
experiment: direct decoding of screen pixels when the observed signal is generated via a
linear mixing model of Eq. 2. The plot 92 of Fig. 9b has the same meaning of that of Fig.
8, but the data are obtained in a real experiment with a glass lens. The multi-valued
correspondences are clearly obtainable as described above both in the simulation and in

the real experiment.

I g®
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In examples, the reference patterns 70 can be stochastic images (e.g., the pixel values of
the patterns are generated by a stochastic process). In examples, there is no correlation
between a pattern with the preceding or subsequent patterns or any other pattern of the
sequence. The patterns may be defined as stochastic random patterns. It has been noted,

in fact, that accordingly the accuracy of the measurements is further increased.

According to examples, each pattern 70 is spatially band limited. For example, the pattern
may be a stochastic random image, where each pixel value is sampled independently,
and filtered (e.g., using a Gaussian filter) in order to implement an upper frequency cut-off
limit and/or a lower frequency cut-off limit. With reference to Fig. 7a, it is possible to
recognize in the pattern some connected regions (e.g., prevalently white regions 70a
and/or prevalently black regions 70b which appear, to human eye, to be separated from
each other by gracefully grey-scaled graded intermediate regions). This may be the effect
of a filtering applied to the random patterns. Each pattern 70 is therefore generated so as
to have no relationship at all with any of the previous and/or the following patterns in the

sequence.

It has been noted that by having a band-limited stochastic pattern for each reference
pattern of the sequence, the computational effort needed for the decoding of screen

positions will be decreased.

Fig. 7b shows an autocorrelation function 72 computed for the pattern 70. The x-y axes
denote the relative displacement between the image copies so that the central point in the
x-y domain corresponds to zero displacement. The z axis is the autocorrelation value. In
correspondence to a peak 73 at zero displacement, the function 72 falls off to zero as the
displacement grows. The band limitation of the pattern is mirrored by the “width” 74 of the
peak 73: the lower the upper filtering cut-off frequency, the “wider” the peak 73, and vice

versa.

In examples, a technique based on the sequences of band-limited stochastic coding
patterns is proposed. A series of K (e.g., 200) random patterns such as that of Fig. 7a are
displayed by the coding screen (e.g., reference device 56), so that a screen pixel at a
point § (reference pixel position) displays a random but pre-computed sequence of values
s;(®), j = 1,..., K, which we denote as a code or vector 3(5). In order to decode this

sequence in the camera pixels, the following similarity metric may be employed. Consider
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two sequences § and § of length K. The normalized correlation (which may be an

example of a similarity function) between them may be computed as:

22N _ Al A ~_ J-al 1
CG,§) =4+ g, where § = Z=2 (9) = 2T g, O

The above normalized correlation may be interpreted as a cosine of the angle between
two vectors in the K-dimensional space after their mean values have been subtracted. An
important property of stochastic patterns is that the sequences §(p,) and §(g,) are
uncorrelated in the limit of large number of patterns for sufficiently well-separated points

P, and p,, i.e.
C(3(P1),3(p,)) » 0 as K ~ w and |F; — F;| > 4, (5)

where A may be the characteristic width (e.g., full width at half maximum, FWHM, also
referred to as “parameter A”) of the peak in the auto-correlation function of the pattern (cf.
Fig. 7b).

Decoding of single-valued correspondences. Given a sequence § observed at a
camera pixel 7, the decoding of a single-valued point correspondence % — g (i.e., finding

the respective point # on the coding screen) may be done as follows:
B = argmaxz C(3@), §(@). (6)

(It is noted, inter alia, that the formulation Eq. 6 is not suggested by the prior art. A similar
technique has been used for fringe-projection measurements [11, 8]. These methods also
rely on maximizing the normalized correlation. However, in that case one can rely on the

epipolar geometry, so that the maximum is sought along a straight line in the § space:

=+ ab, where a = argmax, C(3(d + a'b), §), (7)

where @ and b may be determined during a separate calibration session. This procedure
may be significantly simpler than the complete 2D maximization of Eq. 6 in the suggested
method. However, this is part of the prior art and does not need to be treated here.)
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Decoding of multi-valued correspondences. Multiple correspondences (if needed) may
be found using an extension of Eq. 6, for example. If the controller 52 needs to decode a
correspondence & — [fy, ..., By] (With n > 1), it needs to identify n highest peaks of the
function f(B) = C(3(p), §(7)). The positions of the peaks then permit to obtain the
decoded points 7, ..., B,, while the values of the correlation at peaks and its derivatives
near maxima can be further used to establish the mixing coefficients By, ..., B, and, if

needed, the decoding uncertainties 63; (Fig. 8).

This method has been demonstrated to work properly at least in the presence of a two-
fold overlapping signal (Figs. 9a and 9b) which is beyond the capabilities of the prior art.

Figs. 10a-10d show the results obtained from an experiment using a circular plano-
spherical lens. One of the acquired camera images is shown in Fig. 9a. The Figs. 10a-10d
show the decoding results (multi-valued point correspondences) computed for all camera
pixels (as opposed to studying a single pixel as in Fig. 9b). The four panels show the
decoded screen x- and y-coordinates for the two dominant contributions for the light
arriving at each camera pixel. In terms of Eq. 2 with n = 2, the Figs. 10a, 10b, 10c, and
10d represent the color-coded values of (7,),, (B1)x, (B2)y, and (,),, respectively, as
functions of the sensor pixel position #. The decoding was done according to the
technique described above by finding the local maxima of the normalized correlation
function. More intense colors indicate higher coordinate values.

Apart from some artifacts (in the central region) related to peak ordering and the
insufficient separation of peaks, the decoded point coordinates are relatively smooth and
noise-free. The spurious decoding results outside of the lens may be easily filtered out by
e.g. setting a threshold applied to the minimum contrast of the sequence.

It is remarked that g, = argmaxy, C((3"), (7)), in Figs. 10¢ and 10d, refers to 3, (the
secondary local peak). The artefacts 101 (black regions) relate to regions for which the
similarity function cannot resolve the two peaks. Such situations are in general due to a
non-optimal object position, for which the two contributing screen pixels g, and p, are too

close to each other.
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In examples, the patterns such as in Fig. 7a have some pre-defined highest (and possibly
lowest) frequency (hence “band-limited”). Equivalently, the autocorrelation function (a
delta-function for band-unlimited random patterns) may have a shape similar to that in Fig.
7b: it may fall off to zero far away from zero displacement (assuming an infinitely large
image size): and the peak at zero displacement must have some finite width A (which is
directly related to the cut-off frequency). Finally, different patterns are un-correlated with

each other.

The generation of stochastic patterns can be done in many different ways. For example, a
low-pass filter on the random images and then performed a non-linear, valumetric
(“compander”) transform to improve the pattern histograms (i.e. applied some non-linear

function to each pixel value) may be used.

In examples, the parameter A may play an important role. If the image of the screen is
blurred with a kernel size smaller than A, the decoding will still succeed. On the other
hand, if the two overlapping signals are shifted by a distance less than A (i.e., 1P, — B2l <
Ain Eq. 2), the multi-valued decoding may fail. Finally, smaller A will generally make the
peak identification more challenging since the respective correlation profile will be less
“smooth”. This is easy to understand by looking at e.g. Fig. 9b, where the width of both
peaks is directly related to the parameter A of the coding patterns used.

Fig. 11 shows an apparatus 110 (which is here depicted as a group of blocks, but may
implement or be implemented by the controller 52) for deriving properties of an object
(e.g., 53). The apparatus 110 may perform the operations 120 (Fig. 12) on the basis of:

- asequence 170 of reference patterns (e.g., 70, all the patterns 70 being different
from and uncorrelated with each other) displayed by a reference device (e.g., 56),
the sequence 170 of reference patterns being displayed at subsequent time
instants [1, 2, ..., K] by the reference device 56 so that light emitted by the
reference device 56 is incident on the object 53;

- asequence 190 of images (e.g., 90), the images having been obtained at time
instants [1, 2, ..., K] from light emitted by the reference device (e.g., 56) according
to the reference patterns and transported to a sensing device (e.g., camera 54) via
optical paths (e.g., 57'-57"") which involve inner and/or outer reflections from the
surface (53a, 53b) and/or propagation through the volume of the object (53).
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The sequences 170 and 190 may be obtained, for example, at step 120a of method 120.
Notably, at a step 120a, a particular image pixel 7, is chosen and the method may be
repeated several times, by iterations 124, so as to choose other image pixel positions 7,
73 ... In some examples, all the image pixel positions 7; may be iteratively chosen. In

other examples, only a selection of the pixel positions of the acquired images are chosen.

The apparatus is configured, for at least one image pixel position in each of the images
(90) of the sequence (190) of images (90), to:

- perform (step 121) a processing of images to obtain a similarity function (121)

between:

o a plurality of reference codes, each reference code being associated to one
reference pixel position in the reference patterns, each reference code
carrying information on the evolution of the optical radiation intensity of the
reference device position (p) modulated by the value of the reference
pattern pixel at the reference pixel position during the time instants; and

o an acquired code associated to the image pixel position, the acquired code
carrying information on the evolution, in the sequence of images, of the
optical radiation intensity acquired for the image pixel position;

find (step 122):
o atleast one peak in the similarity function, the peak being a local peak or a

global peak between the values of the similarity function; and
o forthe found at least one peak, a maximizing reference pixel position (93,
94) associated to the at least one peak; and

for each found peak (step 123):

o associate the maximizing reference pixel position to the image pixel

position.

In examples, while the correlating unit 111 may operate on the fly, the peak retrieval unit

111 and/or the association unit 113 may operate offline, for example.

The similarity function (e.g., correlation) may be a function of g and 7. Peaks may be

found with respect to screen position g for a fixed sensor pixel 7.

When a number of dominant peaks (e.g., n peaks) have been retrieved, it possible, for

example, to achieve reference pixel positions 4, G, ..., G, to obtain the relationship
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9(7?) = A+ Bys(gy) + +an(ﬁn) +ég

between the reference codes s(q,), ..., s(d,) and the acquired code g(%) at one particular

pixel position 7. Therefore, the coefficients A4, B4, ..., B,, may be obtained.

The coefficients may be determined via the analysis of the un-normalized correlation
Z(E®), g(@):

ZG,§ = (E =D @~ (D)),

By =12  Z(3@), §@), ... By = 12 - Z(3(4n), §(@), and

A= (g(#)—05B, ——05B,),

where we assume that the values in §(p) are uniformly distributed between 0 and 1 for

each p.

Therefore, the apparatus 110 may be configured to determine, for at least one image pixel
position 7, a relationship (e.g., (%) = A + Bys(§,) + -+ +B,5(4,) + 8g) between:
- the intensity (g(7)) at the image pixel position (7); and
- the intensity(ies) (s(d,)) at the at least one maximizing reference pixel position(s)
(s(d1), 93, 94).

The determined relationship (e.g., g(®) = A + B;s(d,) + -+ +B,s(d,) + 6g) may be based
on:
- at least one coefficient (e.g., By, B,) associated to:
o the reference code(s) §(d,)) associated to the at least one peak (d;...);
and |
o the acquired code (§(7)) associated to the image pixel position (7); and/or

- at least one constant term (4) based on the acquired code.

Further, we may assume that the noise power P2 = (5g?) is known a priori (e.g., it may
be measured during a separate calibration session). If the positions 4;, ..., g, are the
found local maxima of () = C(3(@), g(@)), then the covariance matrix of the uncertainty
in e.g. 4, may be found as follows:

9]

ap;dp;

-1
%, = D.pz-( Z(g(ﬁ)yg(ﬁ))lﬁﬂil) :
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a?.
dpidp;

where Z(3(p), §(it))|5=5, is the matrix of the second partial derivatives of

Z(5(p), §(@)) evaluated at the respective peak position, and D~1 is a numeric coefficient
that depends on the details of the noise distribution functions. Uncertainties in the
remaining peaks may be found in the same fashion.

Fig. 13 shows a method 130, which may permit to create K (e.g., K = 200) reference
patterns 70. The method may start at 131. At 131, the variable k is initialized as k = 1.

Then, K pattern cycles 133 are repeated, by stochastically generating each k" pattern at
134. In order to generate the pattern, a random physical process may be used, which may
involve at least one of the following effects: laser speckles, flame, fumes, clouds, surface

waves, and/or turbulence.

At 135, each k™ pattern is filtered (e.g., low-pass filtered or band-pass filtered), for making
the k™" patters band-limited. At 136 it is checked (k = K?) if it is necessary to create
another pattern and, in case it is not necessary (YES), the method 130 may end, so that
all the patterns are stored in a memory to be used by the reference device, for example. If
it is necessary to create another pattern (e.g., the (k+1)"" pattern), the variable k is
updated (k++) at 137 and the cycle 133 is reiterated.

The filter at 135 may be based, for example, on a cutoff frequency (e.g., a maximum
frequency) which may affect the shape of each pattern. With reference to Fig. 7a, the
lower the cutoff frequency, the narrower the white regions 70a and the black regions 70b.
Further, the cutoff frequency is bound to the parameter A, which may be understood as
the minimum spatial correlation length parameter A. The greater the A, the lower the
cutoff frequency. The greater A, the larger the width of the peak 74 in Fig. 7b. The
parameter A may be extremely important for determining the absolute peak (g;) and the
second peak (p,): if the distance between the absolute peak (g,) and the second peak
(P,) is less than A, the absolute peak (7,) and the second peak (g,) are not obtained with
the similarity function. With reference to Figs. 10c and 10d, the artefacts 101 are created
because of the distance between the absolute peak (g,) and the second peak (g,) being

less than A. The filter may be, for example, a low-pass Gaussian filter.

Hence, in examples, there may be a relationship between the cutoff frequency (and the
appearance of the reference pattern 70) and the minimum closeness (parameter A)
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between the absolute peak () and the second peak () that are to be retrieved.

Otherwise, both the peaks p, and g, cannot be retrieved.

One could argue that, in order to cope with such a limitation, an increased cutoff
frequency could simply reduce the minimum closeness between the absolute peak (7;)
and the second peak (g,) that are to be retrieved. However, it is also necessary to keep in
mind that it may be preferable to reduce the effort of calculation necessary for obtaining
the peaks. In that case, the higher the cutoff frequency, the higher the computational
effort. It is possible, for example, to define a maximum computational effort (which may be
bound, for example, to the time necessary for performing the method) and, on the basis of
the maximum computational effort, to define the parameter A. Once the parameter A is
defined, the minimum distance that can be determined between the absolute peak (7;)

and the second peak (g,) is fixed (|p; — 2] > 4).

In examples, it is simply possible to select the cutoff frequency (or the parameter A)
manually. However, in other cases, it is also possible to rely on automatic strategies.

For example, it is possible to adaptively choose, on the basis of the acquired codes [§(7)]
and/or of the acquired correlation maxima, a minimum spatial correlation length [the
parameter A] of the reference patterns so as to define a band-limited spatial spectrum for
the subsequent patterns. This may be obtained, for example, with a calibration process.

An example is provided by Fig. 14, which shows a method 140. At step 141 a first, generic
cutoff frequency may be chosen. At 142 a pattern or a sequence of patterns may be
stochastically generated. At 143 the generated pattern(s) may be low-pass filtered
according to the cutoff frequency. At 144 light is emitted by the reference device 56
according to the filtered pattern(s). Synchronously, at 145 an image(s) is(are) acquired by
the camera 54. Then method 120 may be performed (e.g., by processing the correlation
function) and, at 148, the resulting correlation function is analysed. If too many or too big
artefacts 101 are recognized (e.g., as in Figs. 10c and 10d), at 147 the cutoff frequency is
increased, so as to reduce the minimum distance between the maximum peak and the
second maximum peak. Otherwise, if the obtained correlation function is satisfactory and
the artefacts 101 are not too prominent, step 147 may be bypassed at 148 and a new
pattern 142 may be generated. The first iterations of this process may be simply
performed for the purpose of retrieving the most preferable cutoff frequency and its results
may be discarded when performing the measurements (calibration). Between steps 120
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and 146, step 145b a check (not shown) may be provided, so as to end the method when
an image of satisfactory quality is obtained (at 145c); otherwise, the method is repeated.

Fig. 15 shows another method 140’ which may also imply a calibration, where, instead of
modifying the cutoff frequency, at 147’ the relative position between the object 53, the
camera 54 and/or the reference device 56 is modified (e.g., by operating actuators). When
the level of artefacts is acceptable, the modification of the position may be bypassed at
148’ and the measurements may start. Between steps 120 and 146’, at step 145b’ a
check (not shown) may be provided, so as to end the method when an image of
satisfactory quality is obtained (at 145¢’); otherwise, the method is iterated.

In examples, at least one of the following assertions is valid:

- each reference pattern is uncorrelated to any of the preceding and subsequent
reference patterns;
each reference pattern may be a stochastic pattern;

- each reference pattern may be a filtered pattern (e.g., with a cutoff frequency of
1/8);

- the parameter A may refer to the minimum distance between the peaks that can
be determined (|p, — p,| > A);

- the parameter A may be the characteristic width (e.g., full width at half maximum,
FWHM) of the peak in the auto-correlation function of the pattern (Fig. 7b);

- the auto-correlation function of the pattern (Fig. 7b) falls off to zero towards away
from zero displacement;

- the auto-correlation function of the pattern (Fig. 7b) has maximum peak at zero
displacement;

- the auto-correlation function of the pattern (Fig. 7b) has a peak 73 having a finite
width [A] at zero displacement;
an increased A is associated to a reduced cutoff frequency;

- anincreased A is associated to a reduced computational effort;
an increased A requires an increased time to perform the technique;
a reduced A (increased cutoff frequency) permits to achieve a more accurate
determination of the peaks, at the expenses of the computation speed,;
during a calibration operation, the parameter A and/or the positional relationships
between the camera, the reference device and the object may be modified to:
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o find out the appropriate parameter A and/or positional relationship which
permits to retrieve the maximum peak and the second maximum peak in an

acceptable maximum time.

Discussion on technical effects

At least some of the examples have effects (in addition to those inherent to all active

screen techniques) which may be summarized as follows:

The method allows multi-valued decoding of overlapping coding signals. The
mixed signals can be produced by the same source as in 5b or by different
sources (when, e.g., multiple coding screens are used).

The tolerance to blurring and the minimal separation between the mixed signals
are directly controlled by the parameter A that may be chosen a priori to match the
application. In practice, one can select the highest cut-off frequency such that the
decoding still works fast enough, and then place and tilt the object so that the
decoded signal remains stable inside the region of interest (cf. Figs. 10a-10d).

The principle of maximizing the normalized correlation is very general and applies
to various pattern types. In particular, the procedure of Eq. 6 is able to decode
non-overlapping signals encoded with CPSPSs, with the same quality of the output
data. Based on the findings of [6], we expect that the coding accuracy of the
cosine patterns will match that of stochastic band-limited patterns given the same
number of camera frames.

By extending the decoding procedure outlined above, one can in the same
decoding run (1) separate the encoded and non-encoded camera pixels, (2) detect
the presence of overlapping signals, (3) estimate the multiplicity of mixing, (4)
decode the screen points and their uncertainties, and (5) determine the mixing

coefficients.

QOther characterizations

Other characterizations may be as follows:

Reliable decoding requires a large number of coding patterns (i.e., camera
images). The peak-to-background ratio in the correlation profile (important for the

peak finding algorithms) degrades as 1/ N

The decoding may be understood as a CPU-intensive technique. For each camera
pixel, it is needed to solve the global 2D optimization problem of Eq. 6. The total
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runtime may be reduced by implementing the method with some parallel
architecture (e.g., with GPUs).
» Naively generated band-limited patterns tend to have value histograms

concentrated in the middle of the available interval.

Further modifications

The described coding method is very flexible and allows a large freedom in the

implementation:

» |f the patterns are generated by some different procedure so that (3(p)) = a and
|3(#) — a1| = b for all points § and some constants a and b, the decoding may be
trivially modified to use the un-normalized correlation Z (5, §) defined above as the
similarity metric.

e The pattern correlation length A may)be chosen adaptively, based on some
feedback loop in the decoding process (see for example Fig. 14, keeping in mind
that A is associated to the inverse of the cutoff frequency). This can be considered
a possible extension of the proposed method.

e Since the method can utilize arbitrary random patterns, it is possible to employ
some random physical effect such as laser speckles, clouds, or turbulence to
generate the patterns on the fly directly on some surface. In this case, some
readout scheme is necessary in order to record the patterns for the decoding
stage.

e The parameter A may be defined implicitly when a differently-parameterized
pattern generation scheme is used.

e The straightforward peak search in the 2D correlation profile may be accelerated
using various computational techniques. One option is to use pre-computed
transforms (such as discrete Fourier or wavelet transforms) of the coding patterns.

e Another practical option would be to generate patterns that are randomly
modulated along a single direction (similarly to the CPSPSs).

Other modifications may comprise:

» Using more than one pattern source (e.g. distributing one pattern over a multiple

monitor setup or a complex-shaped coding surface),
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e Increasing the scale of the setup (e.g., observing an ocean surface from a satellite
and detecting the reflection of random cloud patterns);

o Reducing the scale of the setup (e.g., micro-droplets or biological films under a
microscope);

» Using a different spectral range such as IR, UV, or X-rays.

Some elements of the examples

Elements of examples of the proposed solution may comprise at least one of:

¢ Using correlation (normalized or un-normalized) as the similarity metric between
the observed and the displayed pixel value sequences in the context of mixed
signal observation;

¢ Local maximization of the similarity metric is used to identify the contributing
pattern points, i.e. one or more points from multiple overlapping signals;

e The method as described above relies on the property of random fixed-power
sequences to have zero correlation in the infinitely high-dimensional limit, while the
residual correlation decays as the inverse square root of the dimensionality K;

e There exist deterministic (non-random) coding sequences whose correlations
decay faster than VK (e.g., cosine-modulated patterns). Finding a novel
deterministic pattern sequence for 2D position coding would be an essential
invention per se; however, the decoding then must be sufficiently different from the
2D correlation maximization described here;

e Reliance on the maximum pattern frequency as the specification of the signal
separability;

e The maximum pattern frequency controls the robustness of the coding method

against blurring (de-focusing) effects.
While the prior-art method of CPSPSs can mathematically be considered a specific case
of the correlation-maximizing coding of non-overlapping signals (Eg. 6), it is not necessary

for the present technique.

Examples of applications

An application is the inspection and measurement of transparent objects with several
reflecting surfaces. This can be realized in a deflectometric setup with a flat screen or

using a projector of patterns, which illuminates a 3D scene.
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Presently, the powerful method of deflectometry is mostly applied to inspecting specular
surfaces. Transparent objects can be measured only in a situation where the overlapping
back-side reflections are suppressed or can be ignored. The data processing algorithm
central to the Invention allows one to separate, identify, and exploit these secondary
reflections. With that, it becomes possible to inspect the geometry of such transparent
objects as car windshields, precision lenses, smartphone cover glass plates, etc.

Let us first consider the application to the broduction of lenses, where the fast and
accurate deflectometric measurement may replace interferometry as the primary method
of the on-line quality control:

1) A high-accuracy deflectometric setup typically costs much less than an equivalent
interferometer and requires no high-precision reference surface.

2) No immersion or other potentially destructive back-reflex suppression methods are
needed.

3) Both surfaces of the lens may be characterized simultaneously in a single
measurement without further manipulations.

4) Lenses of any shapes and sizes can be measured without a costly re-adjustment
of the measurement setup, including aspheric and free-form shapes.
(Interferometers must typically be re-adjusted).

5) Raw deflectometric data (normal vector distributions) allow simple defect
identification and classification (unlike phase profiles delivered by interferometers).

Another demanding application, the production of car windshields, may also benefit from
the Invention. The perceived aesthetics of cars depend strongly on the sub-micron
variations of the windshield geometry. Yet, at the moment the geometry of the windshields
can be controlled only in a small number of points, located mostly on the boundary.

1) Due to complex and diverse shapes of windshields, their complete interferometric
control would be prohibitively expensive.

2) A deflectometric measurement delivers dense geometric data that can be directly
used to quantify the aesthetic quality of car windows.

3) ltis known that it is the shape curvature of the windshields that impacts the human
perception the most. Deflectometric data can be directly used to produce high
quality curvature maps.

4) The flexibility of deflectometry is important for the production and the inspection of

multiple products at the same facility.
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5) Due to the nature of the Invention, it is possible to build an inspection setup
capable of assessing both surfaces of the glass after the installation in a car,
performed entirely from the outside of the car.

Fig. 16 shows a system 160 which may comprise (or be a particular example) of the
system 50 of Fig. 5b or the apparatus 110 of Fig. 16. The system 160 may comprise at
least one of the camera (or other imaging sensor) 52, the reference device 56, and the
controller 52. The system 160 may implement at least one of the methods shown in Figs.

11-15, for example.

As shown in Fig. 16, the system 160 may comprise a testing block 162 for testing the
quality of a plurality of objects 161. At each time, at least one single object 161 (or a
plurality of similar objects) may be subjected to a testing operation. The testing operation
may comprise, for example, an acquisition of a sequence of images (e.g., images 90) by
the camera 52, after having being subjected to a sequence of reference patterns 70
displayed by the reference device 54. In case, calibration operations (e.g., as shown in
Figs. 14 and 15) may be performed. For each tested object, it is possible to obtain
correspondences between at least one image pixel position (e.g., ) and at least one (or
two) maximizing reference pixel positions (e.g., 93, 94). For example, a plurality of image
pixel positions T, , ®,,..., Ty (where M is a predefined number of pixels) may be
processed, so as to obtain, for each of the image pixel positions Ty, T5,..., Ty,
correspondences (e.g., two peaks associated to maximizing reference pixel positions gy,

qz2).

At least for one object 161 (but preferably on a plurality of series-manufactured similar
products), at least one value may be collected (e.g., stored in a memory). The collected at
least one value (metrics) may be, for example, associated to at least one of the following
data:

- image pixel positions (e.g., T, T5,..., i) and, for each the associated
maximizing reference pixel position(s) dy, d,... and/or similarity value(s) (such as
correlation values and/or un-correlation values associated to the image pixel
positions T, T,,..., Ty); and/or

- reference code(s) (e.g., §(p)) and/or acquired code(s) (e.g., g()); and/or

- relationship(s) (e.g., the values of the coefficients 4, By, B,, ... of equation (2))
between the intensity(ies) ( s(g;)) of the reference pixels(s) and the intensities

(g(@)) of the acquired pixel(s); and/or
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- incremental values associated to any of the data or information or numerical

values above.

Accordingly, it is possible to compare the collected values to threshold statistical values
(data) 163 and/or to threshold expected values (data) 164, so as to derive quality

information 165.

A comparison with statistical data 163 is here described. For each object, at least one of
the collected values may, for example, be compared with statistically-obtained values 163
associated to analogous values of the previously tested objects. If, for one object, the at
least one of the collected value deviates from the statistically-obtained value for more than
a threshold, the test result has negative result and the object may be discarded (or, in any
case, a quality information 165 is determined by associating the object with negative
result). Let us assume that the object imaged by image 90 in Fig. 9a is subjected to a test
regarding the reference image pixel position 91. As explained above, a local maximizing
reference image pixel position 93 and a local maximizing reference image pixel position
94 are obtained thorough one of the technigues above. Accordingly, the testing block 162
may compare the pixel positions 93 and 94 (or their distance) with the average of the pixel
positions of the previously tested objects (corresponding to the same image pixel position
T, ). If the at least one of the pixel positions 93 and 94 deviate from the relative average
for a distance greater than a determined threshold, then the test is assumed as having a
negative result. If each of the pixel positions 93 and 94 is within a determined threshold
distance from the relative average, then the test is assumed to have a positive result.

A comparison with expected data 164 is here described. For each object, at least one of
the collected values may, for example, be compared with expected values 164 (e.g.,
values which are determined during a design phase). If, for one object, the at least one of
the collected value deviates from the expected value for a difference greater than a
determined threshold, the test result has negative result and the object may be discarded
(or, in any case, a quality information 165 is determined by associating the object with
negative result). Let us assume that the object imaged by image 90 in Fig. 9a is subjected
to a test regarding the reference image pixel position 91. As explained above, a local
maximizing reference image pixel position 93 and a local maximizing reference image
pixel position 94 are obtained thorough one of the techniques above. Accordingly, the
testing block 162 may compare the pixel positions 93 and 94 (or their distance) with the
expected pixel positions (corresponding to the same image pixel position ;). If the the at
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least one of the pixel positions 93 and 94 deviate from the expected position for a distance
greater than a determined threshdld, then the test is assumed as having a negative result.
If each of the pixel pos'itions 93 and 94 is within a determined threshold distance from the
relative average, then the test is assumed to have a positive result.

Even if the maximizing pixel positions 93 and 94 have been described in the examples, it
is also possible to take into considerations incremental values. For example, in Fig. 9b, it
may be examined if, in a neighbourhood of a dimension greater than a determined
threshold, incremental (e.g., differential) values are above determined thresholds (which
may be statistically-obtained or predefined, for example). This could mean, for example,
that the object has some imperfections, so as to provide a quality information with

negative result.

It is also possible to test objects by using a plurality of criteria. E.g., each criterion may be
associated to a comparison of a particular value of the objected with a related (expected
or statistically-obtained value) threshold. Each criterion may provide a score associated to
the deviance of the value with an expected or statistically-obtained value. A final rating
may be obtained by summing or averaging the scores of the object. The final rating may
be compared to a final threshold which provides the final information on the positive or

negative result.

In addition or in alternative, the at least one values and/or metrics and/or data associated
to the image pixel positions, reference codes, relationships, incremental values, etc., may
be displayed on a display. In other cases, they may be used to notify an alarm, e.g., when
the metrics are out of an expected interval or deviate too much from the statistical values.

Some characterizations of figures

Figure 1: a system according to the prior art, which illustrates, inter alia, the principle of
deflectometry. Using a calibrated coding screen 16, one uniquely identifies the original 3D
point of each camera 14 view ray. The reflection condition then constrains the surface
normal vectors 17, or the incline at each surface point. The global object 13 shape is then
integrated from the normal vector field.

Figure 2: Camera mapping from the 3D space onto the 2D image (sensor) space.

Figure 3: A camera image of a calibration checkerboard 30 according to the prior art.
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Figure 4. An LCD screen 40 displaying a cosine-modulated coding pattern according to
the prior art.

Figure 5a: a system (here applied to a specular object).

Figure 5b: a system (here applied to a transparent object).

Figure 6 (prior art): A checkerboard pattern reflecting in a plano-convex lens. The back-
side and the front-side reflections clearly overlap, preventing the identification of the cell
corners.

Figures 7a and 7b: A sample stochastic band-limited pattern (7a) and the respective
autocorrelation function (7b). In Fig. 7b, zero shift vector (argument of the auto-correlation
function) corresponds to the center of the plotted domain.

Figure 8: Normalized correlation profile for a synthetic mixed noisy signal with a two-fold
overlapping as a function of the screen position § with K = 100 stochastic patterns (left).
The apexes of the two highest peaks are located near the ground truth coding points (93,
94'). In the right panel, the region near one of the peaks is shown with magnification. The
mixing introduces only a minor bias in the position of the maximum.

Figures 9a and 9b: One experimental camera image (Fig. 9a) and the normalized
correlation profile for a lens dataset after decoding with K=200 patterns (Fig. 9b). The
crosses 93 and 94 denote the camera pixel whose sequence is decoded (Fig. 9a) and the
identified peak positions (fig. Sb).

Figures 10a-10d: Decoded point coordinates for a lens dataset; two-fold overlapping
signal is assumed. Outside of the lens, noise signal is generated (can be easily
suppressed in a realistic implementation). In dark pixels, the decoding failed: the front-side
and the back-side signals are too close to each other (less than A on the coding screen),
the correlation peaks overlap, and the individual peak positions cannot be identified

reliably.

Further examples

Generally, examples may be implemented as a computer program product with program
instructions, the program instructions being operative for performing one of the methods
when the computer program product runs on a computer. The program instructions may

for example be stored on a machine readable medium.

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

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

A further example of the methods is, therefore, a data carrier medium (or a digital storage
medium, or a computer-readable medium) comprising, recorded thereon, the computer
program for performing one of the methods described herein. The data carrier medium,
the digital storage medium or the recorded medium are tangible and/or non-transitionary,
rather than signals which are intangible and transitory.

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

communication connection, for example via the Internet.

A further example comprises a processing means, for example a computer, or a
programmable logic device performing one of the methods described herein.

A further example comprises a computer having installed thereon the computer program

for performing one of the methods described herein.

A further example comprises an apparatus or a system transferring (for example,
electronically or optically) a computer program for performing one of the methods
described herein to a receiver. The receiver may, for example, be a computer, a mobile
device, a memory device or the like. The apparatus or system may, for example, comprise

a file server for transferring the computer program to the receiver.

In some examples, a programmable logic device (for example, a field programmable gate
array) may be used to perform some or all of the functionalities of the methods described
herein. In some examples, a field programmable gate array may cooperate with a
microprocessor in order to perform one of the methods described herein. Generally, the

methods may be performed by any appropriate hardware apparatus.

The above described examples are merely illustrative for the principles discussed above.
It is understood that modifications and variations of the arrangements and the details
described herein will be apparent. It is the intent, therefore, to be limited by the scope of
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the impending claims and not by the specific details presented by way of description and

explanation of the examples herein.

Equal or equivalent elements or elements with equal or equivalent functionality are
denoted in the following description by equal or equivalent reference numerals even if

occurring in different figures.
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Claims

1. An apparatus (50, 52, 110, 160) for deriving properties of an object (563) on the
basis of:

- asequence (170) of reference patterns (70) displayed by a reference device (56),
the sequence of reference patterns (70) being displayed at subsequent time
instants by the reference device (56) so that light emitted by the reference device
(56) is incident on the object (63);

- asequence (190) of images (90), the images (90) being obtained at time instants
from the light emitted by the reference device (56) according to the reference
patterns (70) and transported to a sensing device (54) via optical paths (57a, 57b,
57', 57", 58") which involve inner and/or outer reflections from the surface (533,
53b) and/or propagation through the volume of the object (53),

the apparatus being configured, for at least one image pixel position in each of the

images (90) of the sequence (190) of images (20), to:

- perform a processing of images to obtain a similarity function (121) between:

o a plurality of reference codes, each reference code being associated to one
reference pixel position in the reference patterns, each reference code
carrying information on the evolution of the optical radiation intensity of the
reference device position (p) modulated by the value of the reference
pattern pixel at the reference pixel position during the time instants; and

o an acquired code associated to the image pixel position, the acquired code
carrying information on the evolution, in the sequence of images, of the
optical radiation intensity acquired for the image pixel position;

- find (122):

o atleast one peak in the similarity function, the peak being a local peak or a
global peak between the values of the similarity function; and

o for at least one found peak, a maximizing reference pixel position (93, 94)
associated to the at least one peak; and

- for each found peak (123):

o associate the maximizing reference pixel position to the image pixel
position,

the apparatus being further configured to determine, for at least one

image pixel position, a relationship between:
the optical radiation intensity at the image pixel position (91); and
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- the optical radiation intensity(ies) at the at least one maximizing reference pixel
position(s) (93, 94),
the relationship being based on:
- at least one coefficient associated to:
o the reference code(s) associated to the maximizing reference pixel position
(93, 94); and
o the acquired code associated to the image pixel position; and
- at least one constant term based on the acquired code and the at least one
coefficient, and
the apparatus being configured, for the at least one image pixel position, to:
use obtained parameters of n>1 found peaks in the similarity function with the
highest peak similarity values achieved at maximizing reference pixel positions q1, ..., On
to obtain a relationship
g(@) = A+ Bys(Gy) + -+ +Bys(dn) + 8g
between the reference codes s(g,), ..., s(§,) and the acquired code g(7) at at least one
image pixel position 7, wherein g(7) is the intensity at image pixel position 7,
s(q4), ..., s(gy,) are the intensities at the maximizing reference pixel positions ¢, ..., O,

B, ...B, are coefficients, A is a constant term.

2. An apparatus (50, 52, 110, 160) for deriving properties of an object (53) on the
basis of:

- asequence (170) of reference patterns (70) displayed by a reference device (56),
the sequence of reference patterns (70) being displayed at subsequent time
instants by the reference device (56) so that light emitted by the reference device
(56) is incident on the object (53);

- asequence (190) of images (90), the images (90) being obtained at time instants
from the light emitted by the reference device (56) according to the reference
patterns (70) and transported to a sensing device (54) via optical paths (57a, 57b,
57', 57", 58"} which involve inner and/or outer reflections from the surface (53a,
53b) and/or propagation through the volume of the object (63),

the apparatus being configured, for at least one image pixel position in each of the

images (90) of the sequence (190) of images (90), to:

- perform a processing of images to obtain a similarity function (121) between:

o a plurality of reference codes, each reference code being associated to one
reference pixel position in the reference patterns, each reference code
carrying information on the evolution of the optical radiation intensity of the
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reference device position (p) modulated by the value of the reference
pattern pixel at the reference pixel position during the time instants; and

o an acquired code associated to the image pixel position, the acquired code
carrying information on the evolution, in the sequence of images, of the
optical radiation intensity acquired for the image pixel position;

- find (122):

o atleast one peak in the similarity function, the peak being a local peak or a
global peak between the values of the similarity function; and

o for at least one found peak, a maximizing reference pixel position (93, 94)
associated to the at least one peak; and

for each found peak (123):
o associate the maximizing reference pixel position to the image pixel

position.

3. The apparatus of claim 2, further configured to determine, for at least one image
pixel position, a relationship between:
- the optical radiation intensity at the image pixel position (91); and
- the optical radiation intensity(ies) at the at least one maximizing reference pixel
position(s) (93, 94),
the relationship being based on:
- at least one coefficient associated to:
o the reference code(s) associated to the maximizing reference pixel position
(93, 94); and
o the acquired code associated to the image pixel position; and/or
- at least one constant term based on the acquired code and the at least one

coefficient.

4. The apparatus of any of the claims 2 or 3, being configured, for the at least
one image pixel position, to:
use obtained parameters of n>1 found peaks in the similarity function with the
highest peak similarity values achieved at maximizing reference pixel positions g1, ..., dn
to obtain a relationship
g(@) = A+ Bys(dy) + - +Bns(Gn) + 69
between the reference codes s(d,), ..., s(d,) and the acquired code g(7) at at least one

image pixel position 7.
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5. The apparatus of any of the preceding claims, configured, for the at least one
image pixel position, to:

use differential properties of the similarity function with respect to peaks obtained
at different peak positions in order to estimate the uncertainty in the determination of

maximizing reference pixel position.

6. The apparatus of any of the preceding claims, configured to:
perform the image processing with a similarity function being a normalized
correlation defined as

CG,§) =89, where g= Tgﬁ-}%% and (g) =23, g, and similarly for &.
7. The apparatus of any of the preceding claims, configured to:

generate at least one reference pattern (70) as an image with reference values
obtained by a stochastic method and/or stochastically generating the at least one

reference pattern (70).

8. The apparatus of any of the preceding claims, wherein at least one reference
pattern (70) is generated as an image with a spatial spectrum featuring a maximum
frequency cut-off associated to a minimum spatial correlation length.

9. The apparatus of any of the preceding claims, configured to:
for at least one time instant, adaptively prepare at least one pattern (70) to be
displayed at a time instant on the basis of the codes acquired at preceding time instants.

10. The apparatus of any of the preceding claims, configured to:
adaptively choose, on the basis of the acquired codes, a minimum spatial
correlation length parameter of the reference patterns so as to define a band-limited

spatial spectrum for the subsequent patterns.

11. The apparatus of any of the preceding claims, configured to:
define the minimum spatial correlation length parameter of the reference patterns
so that the computational effort spent on data processing does not exceed a selected or

predetermined limit or threshold.

12. The apparatus of any of the preceding claims, configured to:
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for at least one time instant, prepare a reference pattern (70) or a sequence of
reference patterns under at least one of the following conditions:
- the autocorrelation function of the reference codes falling off to zero towards away
from zero displacement;
- the autocorrelation function of the reference codes having maximum peak at zero
displacement;
- the autocorrelation function of the reference codes peak having a finite width at

zero displacement.

13. The apparatus of any of the preceding claims, configured to obtain a minimum
spatial correlation length parameter; and

further configured to, after having found a peak in the similarity function and the
associated maximizing reference pixel position, search for a local peak among the
reference pattern pixel positions whose distance from the maximizing reference pixel
position is greater than the minimum spatial correlation length parameter.

14, The apparatus of any of the preceding claims, configured to:
define reference patterns which are stochastically independent from each other for
different time instants.

15. The apparatus of any of the preceding claims, configured to:
define, for different pixel positions in the same pattern out of a predetermined
interval, reference codes which are uncorrelated with each other.

16. The apparatus of any of the preceding claims, configured to:

modify the relative position between the object and the sensing device and/or
reference device on the basis of acquired codes associated to the plurality of image pixel
positions, to minimize the number of pixel pdsitions for which the peaks in the respective
similarity functions overlap and/or to minimize occurrences in which the individual peak

identification fails.

17. The apparatus of any of the preceding claims, configured to:
define and/or display at least one of the reference patterns using a random
physical process involving at least one of the following effects: laser speckles, flame,

fumes, clouds, surface waves, or turbulence.
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18.

The apparatus of any of the preceding claims, further configured to collect values

and/or metrics associated to:

the at least one image pixel position and the associated maximizing reference
pixel position(s) and/or

reference code(s) and/or acquired code(s); and/or

relationship(s) between the optical radiation intensity(ies) of the reference pixels(s)
and the optical radiation intensities of the acquired pixel(s); and/or

similarity value(s); and/or

incremental values associated to any of the data or information or numerical

values above,

so as to compare the collected values to threshold statistical values and/or to

threshold expected values.

19.

A deflectometric method for deriving properties of an object (53) on the basis of:
a sequence (170) of reference patterns (70) displayed by a reference device (56),
the sequence of reference patterns (70) being displayed at subsequent time
instants by the reference device (56) so that light emitted by the reference device
(56) is incident on the object (53);

a sequence of images (90), the images (90) being obtained at time instants from
the light emitted by the reference device (56) according to the reference patterns
(70) and transported to a sensing device (54) via optical paths (57a, 57b, 57', 57,
58") which involve inner and/or outer reflections from the surface (53a, 53b)
and/or propagation through the volume of the object (53),

the method comprising, for at least one image pixel position in the sequence (190) of

images (20), to:

performing a processing of images to obtain a similarity function (121) between:

o a plurality of reference codes, each reference code being associated to one
reference pixel position in the reference patterns, each reference code
carrying information on the evolution of the optical radiation intensity of the
reference device position (p) modulated by the value of the reference
pattern pixel at the reference pixel position during the time instants; and

o an acquired code associated to the image pixel position, the acquired code
carrying information on the evolution, in the sequence of images, of the
optical radiation intensity acquired for the image pixel position;

finding (122):
o at least one peak in the similarity function; and
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o for the at least one found peak, a maximizing reference pixel position; and
for each found peak (123):
o associate the maximizing reference pixel position to an image pixel
position,
the method further comprising determining, for at least one image pixel position, a

relationship between:

the optical radiation intensity at the image pixel position (91); and
the optical radiation intensity(ies) at the at least one maximizing reference pixel
position(s) (93, 94),

the relationship being based on:

at least one coefficient associated to:
o the reference code(s) associated to the maximizing reference pixel position
(93, 94); and
o the acquired code associated to the image pixel position; and
at least one constant term based on the acquired code and the at least one
coefficient, and
the method further comprising, for the at least one image pixel position:
using obtained parameters of n>1 found peaks in the similarity function with the

highest peak similarity values achieved at maximizing reference pixel positions q1, ..., On

to obtain a relationship

g(ﬁ) =A+ 318(51'1) o +Bn5(q’n) + 5g

between the reference codes s(§,), ..., s({,) and the acquired code g(7) at at least one

image pixel position 7, wherein g(7) is the intensity at image pixel position 7,

s(44), ..., s(g,) are the intensities at the maximizing reference pixel positions g1, ..., g,

B, ...B, are coefficients, 4 is a constant term.

20.

A deflectometric method for deriving properties of an object (53) on the basis of:
a sequence (170) of reference patterns (70) displayed by a reference device (56),
the sequence of reference patterns (70) being displayed at subsequent time
instants by the reference device (56) so that light emitted by the reference device
(56) is incident on the object (53);

a sequence of images (90), the images (90) being obtained at time instants from
the light emitted by the reference device (56) according to the reference patterns
(70) and transported to a sensing device (54) via optical paths (57a, 57b, 57°, 57,
58"} which involve inner and/or outer reflections from the surface (53a, 53b)
and/or propagation through the volume of the object (53),
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the method comprising, for at least one image pixel position in the sequence (190) of
images (90), to:
- performing a processing of images to obtain a similarity function (121) between:

o a plurality of reference codes, each reference code being associated to one
reference pixel position in the reference patterns, each reference code
carrying information on the evolution of the optical radiation intensity of the
reference device position (p) modulated by the value of the reference
pattern pixel at the reference pixel position during the time instants; and

o an acquired code associated to the image pixel position, the acquired code
carrying information on the evolution, in the sequence of images, of the
optical radiation intensity acquired for the image pixel position;

- finding (122):

o at least one peak in the similarity function; and

o for the at least one found peak, a maximizing reference pixel position; and
- for each found peak (123):

o associate the maximizing reference pixel position to an image pixel

position.

21. A non-transitory storage device storing instructions which, when executed by a

processor, cause the processor to perform the method of claim 19 or 20.
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