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DESCRIPTION

FIELD OF THE INVENTION

[0001] The present invention generally relates to optical position recognition, and more
particularly to methods, systems, apparatuses, and computer program products for employing
optical position recognition techniques to correlate frame data acquired during multiple
measurements (i.e., captured representations, such as, e.g., images or scans) of an object for
use in obtaining a three-dimensional representation of the object.

BACKGROUND OF THE INVENTION

[0002] In conventional three-dimensional measurement systems, such as those having a small
field of view used to obtain images of relatively larger objects, for example dental structures
such as actual or prosthetic teeth or dental molds or castings, the measuring field or the
measuring volume of the optical measurement system is smaller than a volume of the object to
be measured. Accordingly, it is necessary to perform multiple measurements of different
portions of the object to acquire substantially complete representations for the object. The
object is moved relative to the optical measurement system between measurements. The data
acquired from each measurement must be correlated, i.e., mapped onto a common coordinate
system, to obtain a composite three-dimensional representation of the entire object.

[0003] Conventional three-dimensional measurement systems may employ mechanical
registration techniques to correlate data acquired during multiple measurements. FIG. 10A
depicts an exemplary system 1000 that uses conventional mechanical registration techniques
to correlate three-dimensional data acquired during multiple measurements. The system 1000
includes measuring optics 1002 and a slide 1004. A support member 1006 positions the
measuring optics 1002 at a fixed orientation relative to the slide 1004, such that there is no
relative movement between the measuring optics 1002 and the slide 1004. A mechanical grid
1008 is provided on an upper surface of the slide 1004. An object 1010 is secured to an object
holder 1012. The object holder 1012 is positioned in predetermined locations on the
mechanical grid 1008. A measurement is performed and a frame of three-dimensional data is
acquired at each location. A composite three-dimensional representation of the entire object is
created by combining the frame data according to well-known frame registration techniques. A
disadvantage of the system 1000 is that the object holder 1012 can be placed only in
predetermined locations that are accommodated by the mechanical grid 1008, which may not
be optimal locations for acquiring three-dimensional data.

[0004] Conventional three-dimensional measurement systems also may employ optical
registration techniques to correlate frame data from multiple measurements. Positions are
determined by points of reference located on an object holder. A Cercon Eye Scanner from
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DeguDent GmbH employs optical registration techniques, for example.

[0005] FIG. 10B depicts an exemplary system 1050 that uses conventional optical registration
techniques to correlate three-dimensional data acquired during multiple measurements. The
system 1050 includes measuring optics 1052 and a slide 1054. A support member 1056
positions the measuring optics 1052 at a fixed orientation relative to the slide 1054, such that
there is no relative movement between the measuring optics 1052 and the slide 1054. An
object 1058 is secured to an object holder 1060. The object holder 1060 includes a reference
position marker adjuster 1061 that positions a reference position marker 1062 above the object
1058. The object holder 1060 is then moved over the slide 1054 in discrete steps. A
measurement is performed and a frame of three-dimensional data is acquired during each
step. Each measurement must include the reference position markers 1062. Optical
registration techniques are used to identify the reference position marker 1062 and generate
corresponding positioning information for each frame of three-dimensional data. A composite
three-dimensional representation of the entire object is created by combining the frame data
according to well-known frame registration techniques.

[0006] The measuring optics 1052 typically include a camera (not illustrated) that is employed
to observe the reference position marker 1062 on the object holder 1060. A disadvantage of
the system 1050 is that the camera must be able to view the reference position marker 1062
during each measurement. The reference position marker 1062 must not be covered by the
object 1058 or otherwise obscured from the camera while measurements are taken.

[0007] Calibration patterns with circular structures have been used to calibrate measuring
optics of photogrammetry systems, such as the systems shown in FIGS. 10A and 10B. These
calibration patterns typically consist of unfilled circles having a constant radius, which are
placed on a rectangular grid. Conventionally, a calibration pattern fits entirely within a field of
view of the measuring optics to be calibrated. Because the entire calibration pattern is used to
determine metrics of the measuring optics, it is not necessary to determine coordinates of a
position on the calibration pattern based on a partial view of the calibration pattern.

[0008] The mentioned calibration patterns may be generated by offset printing on ceramic
substrates. However, because offset printing may be reproducible on a scale of several 10
microns, the resulting calibration patterns are not sufficient for a calibration process. Each such
calibration pattern can be calibrated by an independent measuring process, and a look-up
table generated for every calibration pattern. Each look-up table contains exact positions of
centers of every circle. Calibration of measuring optics using such a calibration pattern requires
the full calibration pattern to be within the field of view of the measuring optics, if the look-up
table is to be used. Accordingly, features of calibration patterns are not encoded for such
applications.

[0009] Other methods may be used to generate such calibration patterns. For example,
processes that are similar to semiconductor lithography processes for producing
semiconductor devices, may be used to generate a calibration pattern. With these processes,
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a mask may be imaged onto a photo-resist resin disposed on top of a thin chrome layer
located on a quartz substrate. The substrate is then illuminated and, in a subsequent etching
step, regions that are not illuminated (i.e., masked) are removed. In other lithographic
processes, a photo emulsion may be applied to a mylar foil, for example. Such lithographic
processes results in small deviations of only a few microns over a total area of one square
inch. Accordingly, it is possible to generate highly accurate calibration patterns using such
lithographic processes.

[0010] As mentioned above, when measuring optics are calibrated using conventional
calibration processes, the measuring optics acquire an image of a complete calibration pattern.
Thus, conventional calibration processes do not employ position recognition techniques to
determine a position on the calibration pattern using acquired image data corresponding to a
portion of the calibration pattern. However, position recognition techniques that use partial
information of a search pattern are known. For example, position recognition techniques may
be used in conjunction with a two-dimensional bar code encoded according to a Data Matrix
standard (ISO/IEC 16022 - International Symbology Specification). A two-dimensional bar code
is generated by encoding information with a high degree of redundancy. A partial image of the
two-dimensional bar code may be acquired, and error correcting algorithms may be used to
determine a position corresponding to the acquired image. Two-dimensional bar codes,
however, are not optimized to allow initially unknown information to be extracted. That is, two-
dimensional bar codes are not optimized for an absolute position to be determined when only
partial bar code information is known.

[0011] EP1434169A2 discloses a calibration apparatus, calibration method, program for
calibration, and calibration jig. US2005069172A1 discloses an index identifying method and
system. EP1901029A2 discloses a position and orientation measurement method and
apparatus. WO2007/114313A1 discloses an information processing method and information
processing apparatus. Further reference is made to H. Kato et al. "Marker tracking and HDM
calibration for a video based augmented reality conferencing system" ISBN 978-0-7695-0359-
2.

[0012] The present invention overcomes the above limitations associated with measuring a
three-dimensional object using conventional frame registration techniques.

BRIEF DESCRIPTION OF THE INVENTION

[0013] The present invention meets the above-identified needs by providing methods,
systems, apparatuses, and computer program products for evaluating an object disposed on
an upper surface of an object holder. Various embodiments of the present invention
advantageously enable measurement data acquired during multiple measurements of an
object to be correlated and combined to form composite measurement data of the object.

[0014] In accordance with one example aspect of the present invention, there is provided a
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method of evaluating an object disposed on an upper surface of an object holder. At least one
first frame representing a captured portion of the object is acquired, while the object holder is
positioned at each of a plurality of locations. At least one second frame representing a
captured portion of at least one other surface of the object holder is acquired while the object
holder is positioned at each of the plurality of locations. At least one spatial characteristic
associated with the captured portion of the object is determined, based on at least one of the
acquired frames. Values of a plurality of optical markers captured in each second frame are
determined, where at least two of the optical markers have different characteristics. At least
one of coordinates associated with the values and an orientation of the captured portion of the
at least one other surface is determined.

[0015] The method also may include creating composite data based on the acquired frames,
which may form a three-dimensional representation of the object. Further, the method may
include, for each first frame, translating coordinates associated with the captured portion of the
object, based on the orientation and the coordinates. The determining of the at least one of the
coordinates and orientation may include: determining coordinates, in a first coordinate system,
of a center portion of each optical marker included in the plurality of optical markers;
generating a plurality of feature values, each associated with a center portion of a
corresponding one of the plurality of optical markers; and obtaining coordinates, in a second
coordinate system, associated with one or more of the plurality of feature values.

[0016] Each of the plurality of optical markers may have a circular shape, and each feature
value may be a radius of a corresponding one of the plurality of circular optical markers. The
plurality of optical markers may form an array. Data indicative of the at least one spatial
characteristic may be stored or transmitted in a message. Each feature value may represent at
least one of a color of a corresponding optical marker or a distance between at least two
optical markers. The characteristics may include at least one of a size, a shape, and a color.

[0017] An apparatus, system, and computer program product that operate in accordance with
the method also are provided, according to other example aspects of the invention.

[0018] In accordance with another example aspect of the present invention, there is provided a
method of manufacturing an optical pattern. Coordinates, in a first coordinate system, of a
plurality of predetermined locations on a substrate are determined. An array of feature values
corresponding to the plurality of predetermined locations on the substrate is generated. A
plurality of optical features is provided on the substrate at locations on the substrate associated
with the feature values. The plurality of optical features may be provided on the substrate using
a fine blanking process, a lithographic process, and/or a printing process.

[0019] In accordance with yet another example aspect of the present invention, there is
provided a system for evaluating an optical coding pattern. An image acquiring unit is arranged
to acquire at least one frame of image data corresponding to a captured portion of an optical
coding pattern that includes an array of optical features, where the frame of image data
includes a representation of the optical features. A processor is operable to correlate the array
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of optical features with an array of feature values corresponding thereto, and to determine at
least one spatial characteristic associated with the captured portion of the optical coding
pattern based on at least one of the feature values and the representation of the array of
optical features.

[0020] The at least one spatial characteristic may include at least one of coordinates and an
orientation of at least part of the optical coding pattern. The processor also may be operable to
determine coordinates corresponding to a center portion of each optical feature. The system
also may include an object holder, where the optical coding pattern is disposed in association
with a lower surface of the object holder, and a measuring unit arranged to acquire at least one
measurement frame of a captured portion of an object disposed on an upper surface of the
object holder, where the processor is further operable to generate composite measurement
data based on the at least one measurement frame acquired by the measurement unit and the
at least one frame of image data acquired by the image acquiring unit.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] The features and advantages of the present invention will become more apparent from
the detailed description set forth below when taken in conjunction with the drawings, in which
like reference numbers indicate identical or functionally similar elements.

FIG. 1A illustrates a system according to an exemplary embodiment of the present invention.
FIG. 1B illustrates a measurement area of the system illustrated in FIG. 1A.

FIG. 1C illustrates an example of an optical coding pattern of the system illustrated in FIG. 1A.
FIG. 1D is a perspective view of some components of the system illustrated in FIG. 1A

FIG. 1E illustrates a portion of the optical coding pattern illustrated in FIG. 1C and a view area
of a camera unit of the system illustrated in FIG. 1D.

FIG. 2 illustrates an exemplary process for acquiring and correlating three-dimensional data
using the system illustrated in FIG. 1A.

FIGS. 3A-3M illustrate a first example of multiple measurements of an object using the system
illustrated in FIG. 1A,

FIGS. 4A-4D illustrate a second example of multiple measurements of an object using the
system illustrated in FIG. 1A.

FIGS. 5A-5D Illustrate respective views of the optical coding pattern shown in FIG. 1C,
obtained by the camera of the system illustrated in FIG. 1A, during each of the measurements
illustrated in FIGS. 4A-4D.

FIGS. 6A-6D Illustrate coordinates in a coordinate system of the optical coding pattern
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illustrated in FIG. 1C, resulting from the measuring of the object illustrated in FIGS. 4A-4D.

FIGS. 7A-7D illustrate translation of coordinates from the coordinate system illustrated in FIGS.
B6A-6D to a reference coordinate system.

FIGS. 8A-8D Illustrate translation of coordinates associated with the measurement data
acquired during each of the measurements illustrated in FIGS. 4A-4D to the reference
coordinate system illustrated in FIGS. 7A-6D.

FIG. 8E illustrates composite measurement data resulting from the measurement data
illustrated in FIGS. 8A-8D.

FIG. 9 illustrates a block diagram of a system architecture of a system according to an
exemplary embodiment of the invention, that can be used in conjunction with the system
illustrated in FIG. 1A,

FIGS. 10A and 10B illustrate conventional three-dimensional measuring systems.

FIG. 11 illustrates an exemplary optical coding pattern according to another embodiment of the
present invention.

FIG. 12 illustrates an exemplary process of making the optical coding pattern shown in FIG. 11.

FIG. 13 illustrates an exemplary process of determining a spatial characteristic of an optical
coding pattern according to an embodiment of the present invention.

FIG. 14 illustrates a more detailed example of the manner in which Step S1314 of FIG. 13 can
be performed according to one example embodiment of the invention.

FIG. 15A shows an exemplary table of optical features and corresponding feature values
according to an embodiment of the present invention.

FIG. 15B illustrates a portion of the exemplary master array of feature values shown in FIG.
14.

FIG. 15C illustrates a portion of an exemplary optical coding pattern, which is encoded using
the portion of the exemplary master array of feature values shown in FIG. 15B and the optical
features shown in FIG. 15A.

FIG. 15D illustrates an exemplary camera view area according to an embodiment of the
present invention.

FIG. 15E illustrates the portion of the optical coding pattern shown in FIG 15C and the camera
view area shown in FIG. 15D.

FIG. 15F illustrates an exemplary sub-array of feature values corresponding to the features
that are within the camera view area shown in FIG. 15E.

FIG. 16A illustrates the sub-array of feature values shown in FIG. 15E located within the
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master array of feature values shown in FIG. 14,

FIG. 16B illustrates coordinates corresponding the sub-array of feature values located in the
master array of features values shown in FIG. 16A.

FIG. 17A illustrates a coordinate system of a camera that includes identifiers of locations of
centers of features within the camera view area shown in FIG. 15E.

FIG. 17B illustrates coordinates, in the coordinate system of the camera, of the locations of the
centers of the features shown in FIG. 17A.

FIG. 18 illustrates a reference coordinate system of an exemplary optical coding pattern that
includes identifiers of locations of centers of the features within the camera view area shown in
FIG. 15E and an identifier of a location of a center of the camera view area shown in FIG. 15E.

FIG. 19 illustrates an exemplary process for acquiring and correlating three-dimensional data
using another optical coding pattern, such as that illustrated in FIG. 11, for example.

DETAILED DESCRIPTION

l. Overview

[0022] Example embodiments of the present invention relate to methods, systems,
apparatuses, and computer program products for employing optical position recognition
techniques to correlate measurement data acquired during multiple measurements of surfaces
of an object, to be used to obtain a composite representation of the object, even though a field
of view of a measuring unit may be smaller than the size of the object. Each is useful for
obtaining composite representations of any type of object, although the present application is
described in the context of a dental apparatus that obtains composite three-dimensional
representations of actual or prosthetic teeth or dental molds or castings.

Il. System

[0023] The following description is described in terms of an exemplary system in which an
exemplary embodiment of the present invention is implemented. This is for illustrative
purposes only and is not intended to limit the scope of the application of the present invention
to the described example only. It will be apparent to one skilled in the relevant art(s) in view of
this description how to implement the present invention in alternative embodiments.

[0024] FIG. 1A illustrates a system 100 according to an exemplary embodiment of the present
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invention. The system 100 enables images to be captured that can be used to form a three-
dimensional representation of an object 102, such as a tooth or other object. The system 100
includes a measuring unit 104 and a slide 106. A support member 108 positions the measuring
unit 104 at a fixed orientation relative to the slide 106, such that there is no relative movement
between the measuring unit 104 and the slide 106.

[0025] The measuring unit 104 may be comprised of any suitable conventional or later
developed three-dimensional measuring unit. For example, the measuring unit 104 may
include a fringe-projection system, which consists of a fringe pattern projector and a camera.
However, the measuring unit 104 that can be used with the present invention is not limited to a
fringe-projection unit. Other types of three-dimensional measuring units may be used, e.g., the
measuring unit 104 may employ confocal laser scanning microscopy, optical coherence
tomography, white light interferometry, or other techniques known in the art. For example, col.
4, line 51, through col. 7, line 61, of U.S. Patent No. 4,837,732 (Brandestini et al.) and col. 4,
line 15, through col. 14, line 48, of U.S. Patent No. 6,885,464 (Pfeiffer et al.) disclose systems
suitable for use in the measuring unit 104.

[0026] The object 102 to be measured is placed on or secured to an object holder 110, which
has an optical coding pattern 112 securely attached at a lower portion thereof. Of course, the
optical coding pattern 112 could be integrally formed with the lower portion of the object holder
110 without departing from the scope of the present invention. A camera unit 114 is disposed
within the slide 106, or, in other embodiments, beneath the slide 106 so long as the optical
coding pattern 112 is within the field of view of the camera unit 114. A transparent portion 116
is provided on an upper surface of the slide 106. The transparent portion 116 enables the
camera unit 114 to view at least a portion of the optical coding pattern 112 to acquire image
data representing that portion, which data is processed to determine spatial characteristics of
the optical coding pattern 112, such as an orientation and a relative position of the optical
coding pattern 112 with respect to the camera unit 114. Spatial characteristics of the optical
coding pattern 112 are used to determine corresponding spatial characteristics of the object
holder 110, such as an orientation and a relative position of the object holder 110 with respect
to the measuring unit 104, as described below.

[0027] FIG. 1B illustrates the object 102 and the object holder 110 depicted in FIG. 1A, as
viewed from a perspective looking down on those components. The object 102 includes an
upper-right portion A, a lower-right portion B, a lower-left portion C, and an upper-left portion
D. The measuring unit 104 acquires measurement data in a measuring field 118 of the
measuring unit 104. The terms "measuring field,” "field of view,” "measuring area,” and
"measuring volume" may be used interchangeably herein. Since the measuring field 118 can
be smaller than the object 102, multiple measurements can be performed to acquire
measurement data for the object 102, for use in obtaining a three-dimensional representation
thereof, according to an aspect of the invention.

[0028] FIG. 1C illustrates an exemplary optical coding pattern 112 of the present invention.
The optical coding pattern 112 includes a plurality of horizontal line segments 120 and a
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plurality of vertical line segments 122, which form a grid pattern. The optical coding pattern 112
also includes a plurality of optical markers 124 that are used to identify predetermined
locations on the optical coding pattern 112, such as the intersections of the horizontal line
segments 120 and vertical line segments 122.

[0029] In the illustrated example, the optical markers 124 of the exemplary optical coding
pattern 112 are numbers that range from 1-225, however, other types of optical markers 124
can be used. For example, the optical markers 124 may include a plurality of unique bar
codes, and/or a plurality of circles each having a different radius. Other codes or symbols that
uniquely identify a plurality of locations on the optical coding pattern 112 also may be used.

[0030] FIG. 1D illustrates a portion 100" of the system 100 illustrated in FIG. 1A, such as
measuring unit 104, object holder 110, optical coding pattern 112, camera unit 114, and
measuring field 118. As represented in the example shown in FIG. 1D, the measuring unit 104
acquires measurement data of an object 102 in the measuring field 118 (within the field of
view) of the measuring unit 104. The camera unit 114 acquires image data corresponding to
an optical coding pattern 112, which is formed on a lower surface of the object holder 110. The
camera unit 114 can be any camera that is capable of taking a two-dimensional image of the
optical coding pattern 112. The camera unit 114 acquires image data corresponding to a view
area 126.

[0031] For illustrative purposes, the object holder 110 in the present example is deemed to be
positioned such that a center of the measuring field 118 is aligned with a center of the object
holder 110, which is aligned with a center of the view area 126 of the camera unit 114. The
center of the object holder 110 is indicated by reference number 110A. In the present example,
when the object holder is positioned as shown in FIG. 1D, a pixel 123 corresponding to the
center of the view area 126 of the camera unit 114 is aligned with the center of the "113"
optical marker of the optical coding pattern 112', as shown in FIG. IE. The "113" optical
markers 124 corresponds to a center optical marker 124 of the optical coding pattern 112, as
shown in FIG. 1C.

[0032] In the example shown in FIG. 1D, the center of the measuring field 118 is aligned with
the center pixel 123 of the view area 126 of the camera unit 114. In other embodiments,
however, the center of the measuring field 118 may be offset from the center of the view area
126 of the camera unit 114 by a fixed amount, which is taken into account when translating
coordinates (to be described below) representing a portion of the optical coding pattern 112 in
a center of the view area 126 of the camera unit 114 to corresponding coordinates of a center
of the measuring field 118 in a reference coordinate system of the object holder 110.

[0033] Also shown in FIG. 1D are arrows or axes labeled 125A, 125B, and 125C indicating
reference orientations for coordinate systems of the measuring unit 104, the optical coding
pattern 112, and the camera unit 114, respectively.

Ill. Process
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[0034] FIG. 2 illustrates an exemplary process, according to an aspect of the invention, for
obtaining images of, and spatial characteristics (e.g., spatial coordinates and orientations)
associated with, an object (e.g., one or more teeth), for use in obtaining a three-dimensional
representation thereof. The process can be performed by an optical position recognition
system, such as the systems illustrated in FIGS. 1A and 9, for example. Referring to FIG. 2 in
conjunction with FIGS. 1A through 1E, the process begins in Step S200. Initially, the object 102
is placed on or secured to an upper surface of the object holder 110.

[0035] In Step S202, the object holder 110 is positioned at a selected location on the slide 106.
In Step S204, the measuring unit 104 acquires measurement data in the measuring field 118 in
which a portion of the object 102 appears (i.e., the measuring unit 104 captures an image
frame of that portion).

[0036] In Step S206, the camera unit 114 acquires image data of at least a portion of the
optical coding pattern 112 in the field of view (view area) 126 of the camera unit 114 (ie., the
camera unit 114 obtains or captures a digitized scan or image frame of that portion of the
optical coding pattern 112). That is, the camera unit 114 acquires image data corresponding to
a portion of the optical coding pattern 112 that is disposed over and faces the transparent
portion 116 of the slide 106. In a preferred embodiment, Step S204 and Step S206 occur
simultaneously for each position of the object holder; although in other embodiments they need
not be.

[0037] In Step S208, the processor of the system 100 uses a software module to process the
image data obtained in Step S206 to determine values of one or more of the captured optical
markers 124, which values are used in a manner to be described below (e.g., Step S212) to
identify one or more intersections of line segments surrounding or adjacent to at least one of
the captured optical markers 124. For example, in a case where the optical markers 124 are
numbers, conventional optical character recognition (OCR) software may be used to determine
a value of a captured optical marker 124. In a case where the optical markers 124 are
barcodes, conventional bar code reading software may be used to determine a value of a
captured optical marker 124. In a case where the optical markers 124 are circles each having
a different radius, a software module may be used to determine values of a captured optical
marker 124.

[0038] In Step S210, a processor (e.g., processor 906 of FIG. 9 to be described below) of the
system 100 uses a software module to process the image data obtained in Step S206 to
determine a value representing a spatial characteristic (i.e., an orientation) of the optical
coding pattern 112 with respect to a reference orientation (e.g., 125B). In some embodiments,
the software module is used to determine an orientation of one or more of the optical markers
124 to determine the orientation of the optical coding pattern 112.

[0039] For example, in a case where the optical markers 124 are circles each having a
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different radius, the software module may use the values of at least two captured optical
markers 124 to determine the orientation of the optical coding pattern 112. This is because in
some cases it can be more accurate to determine an orientation based on more than a single
symmetrical marker, such as circle. In an example embodiment, the software module may
make the determination based on an orientation of one or more line segments that intersect
the centers of two identified circular optical markers 124.

[0040] Also, in some example embodiments, in Step S210 the software module is used to
determine an orientation of one or more of the optical markers 124 and an orientation of one
or more of the horizontal line segments 120 and/or the vertical line segments 122 to determine
an orientation of the optical coding pattern 112 with respect to a reference orientation. The
manner in which orientations are determined for one or more line segments, such as, e.g.,
segments 120 and/or 122, one or more optical markers 124, and the optical coding pattern
112, can be according to any suitable technique used to determine orientations of objects.

[0041] Location information representing coordinates of predetermined locations of each
intersection of the horizontal line segments 120 and the vertical line segments 122 of the
optical coding pattern 112 is stored in a memory unit (e.g., secondary memory 910 of FIG. 9 to
be described below) of the system 100. The location information may be derived from
calibration measurements or may be deduced from a specification for the optical coding
pattern 112. In an example embodiment, the location information is stored in the memory unit
prior to acquiring measurement data (e.g., Step S204) and is used to correlate measurement
data acquired during multiple scans of an object.

[0042] In Step S212, the processor of the system 100 uses a software module to determine
spatial characteristics such as coordinates that correspond to a center of the portion of the
optical coding pattern 112 captured in the view area 126 of the camera unit 114. In one
example embodiment, the software module makes this determination based on at least one of
(a) particular intersections of the optical coding pattern 112 that are observed in the view area
126 of the camera unit 114, (b) location information associated with the observed intersections,
(c) the values of the optical markers 124 determined in Step S208, and (d) the orientation of
the optical coding pattern 112 determined in Step S210.

[0043] For example, in one case Step S212 can be performed by identifying one of the
intersections surrounding or adjacent to an observed optical marker 124, retrieving coordinates
(of the location information) corresponding to the identified intersection, and, based on these
coordinates and the orientation of the optical coding pattern 112 obtained in Step S210,
performing linear interpolation in a known manner to determine coordinates corresponding to a
center of the portion of the optical coding pattern 112 captured in the view area 126 of the
camera unit 114.

[0044] In Step S214, the processor of the system 100 uses a software module to translate
coordinates associated with the center of the portion of the optical coding pattern 112 captured
in the view area 126 of the camera unit 114 (as determined in Step S212) to corresponding
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coordinates of a center of the measuring field 118, in the coordinate system of the upper
surface of the object holder 110.

[0045] As an example of a coordinate in one coordinate system converted to another system,
FIG. 6A shows a coordinate of (20,-20) in a coordinate system 130 of the optical coding
pattern 112, and 7A shows a coordinate of (20,20) converted into a reference coordinate
system 140 of the upper surface of the object holder 110. The correspondence between
coordinates in the coordinate system 130 of the optical coding pattern 112 and the reference
coordinate system 140 of the upper surface of the object holder 110 depends on a predefined
relationship between the two systems. Further, the correspondence between coordinates
associated with the center of the portion of the optical coding pattern 112 captured in the view
area 126 of the camera unit 114 and the coordinates of the center of the measuring field 118 of
the measuring unit 104 depends on the physical arrangement of the measuring unit 104 with
respect to the camera unit 114, and thus Step S214 can take into account that relationship as
well.

[0046] In Step S216, the processor of the system 100 uses a software module to perform a
translation of information obtained in Step S210 and a translation of spatial characteristics,
such as coordinates associated with each datum of the measurement data acquired in Step
S204, in a manner to be described below. Those coordinates may have been determined prior
to Step S216, such as in Step S204, for example, or may be determined at the outset of Step
S216. Those coordinates are in a coordinate system of the measuring unit 104.

[0047] Referring to Step S216, in that step the software module translates the orientation of
the optical coding pattern 112 in the coordinate system of the optical coding pattern 112,
determined in Step S210, to a corresponding orientation of the object holder 110 in the
reference coordinate of the upper surface of the object holder 110. In other words, based on a
predetermined mathematical algorithm defining a relationship between the two coordinate
systems, the orientation in the coordinate system of the optical coding pattern 112 is "mapped"
to a corresponding orientation in the reference coordinate system of the upper surface of the
object holder 110. The software module then translates, using a mathematical transformation,
coordinates associated with each datum of the measurement data acquired in Step S204 from
the coordinate system of the measuring unit 104 to the reference coordinate system of the
upper surface of the object holder 110. In this manner, despite where the object holder 110 is
orientated when measurement data is taken, the acquired data may be placed in a reference
orientation.

[0048] The translations performed in Steps S214 and S216 can be performed using any
suitable translation algorithms operable according to this description, as would be readily
appreciated by one skilled in the art in view of this description.

[0049] In Step S218, a determination is made whether more measurements are to be
performed (e.g., whether additional measurements need to be performed to capture other
desired parts of the object 102). If more measurements are to be performed ("Yes" at Step
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S218), Step S202 is repeated so that the object holder 110 is moved to another selected
location on the slide 106, and Steps S204 through S218 are repeated for that location as
described above. If no more measurements are to be performed ("No" at Step S218), the
process ends in Step S220. All frames of measurement data have translated coordinates that
are correlated in the reference coordinate system.

[0050] Accordingly, an aggregation of the frames of measurement data can be formed, using
obtained spatial characteristics, such as coordinates, to provide composite measurement data
for the object 102. As such, Step S220 can include combining the measurement data obtained
in Step S204 based on the translated coordinates obtained in Step S216, to provide a
composite three-dimensional representation of the captured parts of the object 102. This
formation of the composite representation may be performed according to any suitable frame
registration techniques, such as, e.g., an lterative Closest Point (ICP) algorithm. However, in
principle, no frame registration is needed, as the information from the camera unit 114 is
sufficient to create a composite three-dimensional representation of the captured parts of the
object 102.

IV. Exemplary Measuring Operations

First Example

[0051] FIGS. 3A-3J illustrate a first example of how the system 100 of FIG. 1A correlates
acquired measurement data (e.g., Steps S206 through S216 of FIG. 2) for the object 102
according to an exemplary embodiment of the present invention. Initially, the object 102 is
secured to the object holder 110, for example, with an adhesive. As shown in FIG. 3A, the
object 102 includes portions identified for illustrative purposes as portions A through L.

[0052] An exemplary object holder 110 has a square-shaped cross-sectional area, with each
side of the square having a length of 10 centimeters (cm). A reference coordinate system (X,
Y) of the upper surface of the object holder 110 has an origin corresponding to a center of the
square, as shown in FIG. 3B. The coordinates of the reference coordinate system (X,Y) are
spaced in 1 cm increments. Accordingly, each quadrant of the reference coordinate system
(X)Y) is a 5 cm by 5 cm square, and coordinates within each quadrant range in magnitude
between zero and 5 cm, as shown in FIG. 3B. FIG. 3C depicts a representation of portions A
through L of the object 102 and associated coordinates in the reference coordinate system
XY).

First Example: Upper Portion

[0053] As shown in FIG. 3D, the object holder 110 is positioned so that the measuring unit 104
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(not shown in FIG. 3D) acquires measurement data (e.g., Step S204 in FIG. 2) in a measuring
field 118A that includes an upper portion of the object 102. FIG. 3E illustrates a coordinate
system (X', Y') of the measuring unit 104 (not shown in FIG. 3E). The origin of the coordinate
system (X', Y') of the measuring unit 104 corresponds to the center of the measuring field
118A. FIG. 3F depicts a representation of measurement data corresponding to portions A
through | of the object 102, and associated coordinates in the coordinate system (X', Y") of the
measuring unit 104,

[0054] FIG. 3G illustrates a portion 112A of the optical coding pattern 112 and a corresponding
view area 126A of the camera unit 114 (not shown in FIG. 3G), when the object holder 110 is
positioned as shown in FIG. 3D. As represented in FIG. 3G, the camera view area 126A is
centered between the "83" and "98" optical markers 124 in a coordinate system (X", Y") of the
optical coding pattern 112, when the object holder 110 is positioned as shown in FIG. 3D. This
relationship can be appreciated further in view of FIGS. 1A, 1C, and 1D. The optical coding
pattern 112 shown in FIG. 1C is positioned beneath the object holder 110 facing down towards
the camera unit 114. In one example, the optical coding pattern 112 is oriented such that the
upper-most row (including the values "1" to "15" among the optical marker 124 shown in FIG.
1C) is positioned away from the support member 108 and so that the lower-most row
(including the values "211" to "225" among the optical markers 124 shown in FIG. 1C) is
positioned closest to the support member 108.

[0055] As shown in FIG. 3G, the camera unit 114 (not shown) can envision, in the view area
126A, six intersections 127 of line segments and six optical markers 124 (e.g., Step S206 in
FIG. 2). The processor uses a software module to determine at least one value of at least one
of the optical markers 124 (e.g. Step S208 of FIG. 2). The processor also uses a software
module to determine an orientation of at least one of the optical markers 124, which is used to
determine an orientation of the optical coding pattern 112 (e.g. Step S210 of FIG. 2).

[0056] In addition, the processor uses a software module to retrieve coordinates associated
with at least one of the intersections 127 of line segments from a memory unit (e.g., secondary
memory 910 of FIG. 9 to be described below), which the processor uses to determine
coordinates, in the coordinate system (X", Y") of the optical coding pattern 112, of a location of
a portion 112A of the optical coding pattern 112 that corresponds to the center of the view area
126A (e.g. Step S212 of FIG. 2).

[0057] The processor employs a software module to transform the orientation of the optical
coding pattern 112 determined in Step S210 into a corresponding orientation of the object
holder 110 and to transform the coordinates of the center of the view area 126A (determined in
Step S212) into corresponding coordinates of the center of the measuring field 118A, in the
reference coordinate system (X, Y) of the upper surface of the object holder 110 (e.g. Step
S214 of FIG. 2). In addition, the processor employs a software module to generate a
transformation that is used to translate coordinates associated with the measurement data
from the coordinate system (X', Y") of the measuring unit 104 to corresponding coordinates in
the reference coordinate system (X, Y) of the upper surface of the object holder 110 (e.g. Step
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S216 of FIG. 2). FIG. 3H depicts a representation of the measurement data corresponding to
portions A through | of the object 102 and associated coordinates, which have been translated
to the reference coordinate system (X, Y) of the upper surface of the object holder 110.

First Example: Lower Portion

[0058] Next, as shown in FIG. 31, the object holder 110 is positioned so that the measuring
unit 104 (not shown in FIG. 31) acquires measurement data (e.g., Step S204 in FIG. 2) in a
measuring field 118B that includes a lower portion of the object 102. As shown in FIG. 31, the
object holder 110 has been rotated by ninety degrees from the orientation shown in FIG. 3D. A
representation of measurement data corresponding to portions D through L of the object 102
and associated coordinates in the coordinate system (X', Y') of the measuring unit 104 are
depicted in FIG. 3J.

[0059] FIG. 3K illustrates a portion 112B of the optical coding pattern 112 and a corresponding
view area 126B of the camera unit 114 (not shown in FIG. 3K), when the object holder 110 is
positioned as shown in FIG. 31. The camera unit 114 (not shown in FIG. 3K) can envision, in
the view area 126B, four intersections 127 of line segments and five optical markers 124 (e.g.,
Step S206 in FIG. 2). The processor uses a software module to determine values of at least
one of the optical markers 124 (e.g. Step S208 of FIG. 2). The processor also uses a software
module to determine an orientation of at least one of the optical markers 124 (e.g., the "113"
optical marker 124), which is used as an orientation of the optical coding pattern 112 (e.g. Step
S210 of FIG. 2).

[0060] In addition, the processor uses a software module to retrieve coordinates associated
with at least one of the intersections 127 of line segments around the "113" optical marker 124
from a memory unit (e.g., secondary memory 910 of FIG. 9 to be described below), which the
processor uses to determine coordinates associated with the center of the view area 126B, in
the coordinate system (X",Y") of the optical coding pattern 112 (e.g. Step S212 of FIG. 2).

[0061] The processor employs a software module that uses the orientation of the optical
coding pattern 112 determined in Step S210 and coordinates of the center of the view area
126A determined in Step S212 to determine a corresponding orientation of the object holder
110 and corresponding coordinates of the center of the measuring field 118B in the coordinate
system (XY) of the upper surface of the object holder 110 (e.g. Step S214 of FIG. 2).

[0062] The processor employs a software module that uses the orientation of the object holder
110 and coordinates of the center of the measuring field 118B determined in Step S214 to
generate a transformation that is used to translate coordinates associated with each datum of
the measurement data acquired by the measuring unit 104 from the local coordinate system
(X', Y') of the measuring unit 104 to corresponding coordinates in the reference coordinate
system (X, Y) of the upper surface of the object holder 110 (e.g. Step S216 of FIG. 2).
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[0063] FIG. 3L depicts a representation of the measurement data corresponding to portions D
through L of the object 102 and associated coordinates, which have been translated from the
coordinate system (X', Y') of the measuring unit 104 to the reference coordinate system (X, Y)
of the upper surface of the object holder 110. As shown in FIG. 3L, the coordinates associated
with portions D through L of the object 102 have been translated to account for the rotation of
the optical coding pattern 112 shown in FIG. 31.

[0064] Measurement data has been acquired for the upper and lower portions of the object
102. The processor uses a software module to combine the measurement data of the upper
and lower portions of the object 102 to form composite measurement data for the object 102.
FIG. 3M depicts a representation of composite measurement data corresponding to portions A
through L of the object 102 and associated coordinates, which have been translated to the
reference coordinate system (X, Y) of the upper surface of the object holder 110.

Second Example

[0065] FIGS. 4A-8E illustrate a second example of how the system 100 of FIG. 1A correlates
acquired three-dimensional data (e.g., Steps S206 through S216 of FIG. 2) for an object 102
according to an exemplary embodiment of the present invention. Initially, the object 102 is
secured to the object holder 110, for example, with an adhesive.

[0066] An exemplary object holder 110 has a square-shaped cross-sectional area, with each
side of the square having a length of 10 cm. A reference coordinate system 140 has an origin
corresponding to a center of the square. The coordinates of the reference coordinate system
are spaced in 1 millimeter (mm) increments. Accordingly, each quadrant of the reference
coordinate system is a 5 cm by 5 cm square, and coordinates within each quadrant range in
magnitude between zero and 50 mm (5 cm), as shown in FIGS. 7A-7D.

Second Example: Upper-Right Portion A

[0067] The object holder 110 is positioned so that the measuring unit 104 acquires
measurement data in a measuring field 118A that includes the upper-right portion A of the
object 102, as shown in FIG. 4A. FIG. 5Aillustrates a portion 112A of the optical coding pattern
112 and a corresponding view area 126A of the camera unit 114, when the object holder 110 is
positioned as shown in FIG. 4A.

[0068] The processor of the system 100 uses a software module to process image data
acquired by the camera unit 114, corresponding to a camera view area 126A (FIG. 5A), to
determine at least one value of at least one of the optical markers 124 in the camera view area
126A, as described above with respect to Step S208. The processor uses the value(s) of the
optical markers 124 in the camera view area 126A to identify an intersection in the vicinity of
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the optical markers 124. The processor retrieves coordinates associated with the intersection
and determines a location (indicated by reference numeral 132A in FIG. 6A) and associated
coordinates that correspond to a center of the view area or of the taken image 126A, as
described above with respect to Step S212.

[0069] In addition, the processor of the system 100 uses a software module to process the
image data acquired by the camera unit 114 to determine an orientation of at least one of the
captured optical markers 124 with respect to the reference orientation indicated by arrow 125
in FIG. 5A (e.g., Step S210 of FIG. 2). In the illustrated example, the orientation of the optical
markers 124 shown in FIG. 5A with respect to the reference orientation indicated by arrow 125
is zero degrees, since the optical markers 124 are not rotationally offset from the arrow 125.

[0070] FIG. 6A illustrates a representation of a coordinate system 130 of the optical coding
pattern 112. In this example, the coordinates of the location indicated by reference numeral
132A1in FIG. 6A represent the center of the camera view area 126A, and are determined to be
(20, -20). The processor uses a software module to translate the coordinates of the location
indicated by reference numeral 132A to a corresponding location in a reference coordinate
system 140 of the upper surface of the object holder 110, which is represented by reference
numeral 128Ain FIG. 7A (e.g., Step S214). Coordinates associated with the location indicated
by reference numeral 128A are determined to be (20, 20), as shown in FIG. 7A.

[0071] The processor translates coordinates associated with each datum of the measurement
data 134A (FIG. 8A), which was acquired in the measuring field 118A of FIG. 4A, to
corresponding coordinates in the reference coordinate system 140 of the upper surface of the
object holder 110 (e.g., Step S216). For example, coordinates associated with the center of the
three-dimensional data 134A, which is indicated by reference number 129A in FIG. 8A, are
translated to correspond with the coordinates of the location of the center of the measuring
field 118A indicated by reference numeral 128Ain FIG. 7A.

Second Example: Lower-Right Portion B

[0072] Next, the object holder 110 is positioned so that the measuring unit 104 acquires
measurement data in a measuring field 118B that includes the lower-right portion B of the
object 102, as shown in FIG. 4B. FIG. 5B illustrates a portion 112B of the optical coding pattern
112 and a corresponding camera view area 126B of the camera unit 114, when the object
holder is positioned as shown in FIG. 4B.

[0073] The processor of the system 100 uses a software module to process image data
acquired by the camera unit 114, corresponding to a camera view area 126B (FIG. 5B), to
determine at least one value of at least one of the optical markers 124 in the camera view area
126B, as described above with respect to Step S208. The processor uses the value(s) of the
optical markers 124 in the camera view area 126B to determine a location (indicated by
reference numeral 132B in FIG. 6B) and associated coordinates that correspond to a center of
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the camera view area 126B, as described above with respect to Step S212.

[0074] In addition, the processor of the system 100 uses a software module to process the
image data acquired by the camera unit 114 to determine an orientation of the optical markers
124 with respect to the reference orientation indicated by arrow 125 in FIG. 5B (e.g., Step
S210 of FIG. 2). In the illustrated example, the orientation of the optical markers 124 shown in
FIG. 5B with respect to the reference orientation indicated by arrow 125 is zero degrees, since
the optical markers 124 are aligned with the reference orientation indicated by arrow 125 in
FIG. 5B.

[0075] FIG. 6B illustrates a representation of the coordinate system 130 of the optical coding
pattern 112. In this example, the center of the camera view area 126B is indicated by reference
numeral 132B in FIG. 6B and has coordinates that are determined to be (20, 20). The
processor translates the coordinates associated with the center of the camera view area 126B
to a corresponding location in the reference coordinate system 140 of the upper surface of the
object holder 110. The corresponding location indicated by reference numeral 128B has
coordinates that are determined to be (20, -20), as shown in FIG. 7B.

[0076] The processor uses a software module to translate coordinates associated with the
three-dimensional data 134B (FIG. 8B), which was acquired in the measuring field 118B of
FIG. 4B, to corresponding coordinates in the reference coordinate system 140 of the upper
surface of the object holder 110 (e.g., Step S216). For example, coordinates associated with
the center of the three-dimensional data 134B, which is indicated by reference number 129B in
FIG. 8B, are translated to correspond with the coordinates of the location of the center of the
measuring field 118B indicated by reference numeral 128B in FIG. 7B.

Second Example: Lower-Right Portion C

[0077] Next, the object holder 110 is positioned so that the measuring unit 104 acquires
measurement data in a measuring field 118C that includes the lower-left portion C of the object
102, as shown in FIG. 4C. FIG. 5C illustrates a portion 112C of the optical coding pattern 112
and a camera view area 126C of the camera unit 114, when the object holder is positioned as
shown in FIG. 4C.

[0078] The processor of the system 100 uses a software module to process image data
acquired by the camera unit 114, corresponding to a camera view area 126C, to determine at
least one value of at least one of the optical markers 124 in the camera view area 126C, as
described above with respect to Step S208. The processor uses the value(s) of the optical
markers 124 in the camera view area 126C to determine coordinates (indicated by reference
numeral 132C in FIG. 6C) that correspond to a center of the camera view area 126C, as
described above with respect to Step S212.

[0079] In addition, the processor of the system 100 uses a software module to process the
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image data acquired by the camera unit 114 to determine an orientation of the optical markers
124 with respect to the reference orientation indicated by arrow 125 in FIG. 5C. In the
illustrated example, the orientation of the optical markers 124 shown in FIG. 5C with respect to
the reference orientation indicated by arrow 125 is zero degrees, since the optical markers 124
are aligned with the reference orientation indicated by arrow 125 in FIG. 5C.

[0080] FIG. 6C illustrates a representation of the coordinate system 130 of the optical coding
pattern 112. In this example, the center of the camera view area 126C is indicated by
reference numeral 132C in FIG. 6C and has coordinates that are determined to be (-20, 20).
The processor translates the coordinates associated with the center of the camera view area
126C to a corresponding location in the reference coordinate system 140 of the upper surface
of the object holder 110. The corresponding location indicated by reference numeral 128C has
coordinates that are determined to be (-20, -20), as shown in FIG. 7C.

[0081] The processor uses a software module to translate coordinates associated with three-
dimensional data 134C (FIG. 8C), which was acquired in the measuring field 118C of FIG. 4C,
to corresponding coordinates in the reference coordinate system 140 of the upper surface of
the object holder 110 (e.g., Step S216). For example, coordinates associated with the center of
the three-dimensional data 134C, which is indicated by reference number 129C in FIG. 8C, are
translated to correspond with the coordinates of the location of the center of the measuring
field 118C indicated by reference numeral 128C in FIG. 7C.

Second Example: Upper-Left Portion D

[0082] Next, the object holder 110 is positioned so that the measuring unit 104 acquires
measurement data in a measuring field 118D that includes the upper-left portion D of the
object 102, as shown in FIG. 4D. For illustrative purposes, the object holder 110 is rotated by
ninety degrees from the orientation shown in FIG. 4C. FIG. 5D illustrates a portion 112D of the
optical coding pattern 112 and a camera view area 126D of the camera unit 114, when the
object holder is positioned as shown in FIG. 4D.

[0083] The processor of the system 100 uses a software module to process image data
acquired by the camera unit 114, corresponding to the camera view area 126D, to determine
at least one value of at least one of the optical markers 124 in the camera view area 126D, as
described above with respect to Step S208. The processor uses the value(s) of the optical
markers 124 in the camera view area 126D to determine coordinates (indicated by reference
numeral 132D in FIG. 6D) that correspond to a center of the camera view area 126D, as
described above with respect to Step S212.

[0084] In addition, the processor of the system 100 uses a software module to process the
image data acquired by the camera unit 114 to determine an orientation of the optical markers
124 with respect to the reference orientation indicated by arrow 125 in FIG. 5D. In this
example, the orientation of the optical markers 124 shown in FIG. 5D with respect to the
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reference orientation in the coordinate system 130 of the optical coding pattern 112 is two-
hundred-seventy degrees in a clockwise direction (ninety degrees in a counter-clockwise
direction), as a result of rotating the object holder 110 by ninety degrees in a clockwise
direction with respect to the reference orientation in the reference coordinate system 140.

[0085] FIG. 6D illustrates a representation of the coordinate system 130 of the optical coding
pattern 112. In the illustrated example, the center of the camera view area 126D is indicated by
reference numeral 132D in FIG. 6D and has coordinates that are determined to be (-20, -20).
The processor uses a software module to translate the coordinates associated with the center
of the camera view area 126D to a corresponding location in the reference coordinate system
140 of the upper surface of the object holder 110. The corresponding location indicated by
reference numeral 128D has coordinates that are determined to be (-20, 20), as shown in FIG.
7D.

[0086] The processor translates coordinates associated with three-dimensional data 134D
(FIG. 8D) (e.g., Step S216), which was acquired in the measuring field 118D of FIG. 4D, to the
reference coordinate system 140. For example, as shown in FIG. 8D, coordinates indicated by
reference number 129D correspond to a center of the three-dimensional data 134D, and are
translated to the value of the coordinates indicated by reference numeral 128D shown in FIG.
7D.

[0087] In addition, the coordinates associated with three-dimensional data 134D are translated
by ninety degrees based on the value of the orientation of the optical markers 124 with respect
to the reference orientation indicated by arrow 125 in the coordinate system 130 of the optical
coding pattern 112. That is, an orientation of the optical markers 124 having a value of two-
hundred-seventy degrees with respect to the reference orientation in the coordinate system
130 of the optical coding pattern 112 corresponds to an orientation of ninety degrees with
respect to the reference orientation in the reference coordinate system 140 of the upper
surface of the object holder 110. Translating the coordinates associated with three-dimensional
data 134D based on the orientation of the optical markers 124 ensures that the three-
dimensional data 134D are aligned properly with respect to the three-dimensional data 134A,
134B, and 134C, when a composite three-dimensional representation of the object 102 is
formed.

[0088] The measurement data 134A, 134B, 134C, and 134D respectively include three-
dimensional data for portions A, B, C, and D of the object 102. As shown in FIG. 8E, the
original coordinates associated with each datum of the measurement data 134A, 134B, 134C,
and 134D have been translated to corresponding coordinates in the reference coordinate
system 140 of the upper surface of the object holder 110. Accordingly, the coordinates of the
measurement data 134A, 134B, 134C, and 134D shown in FIG. 8E are now correlated in the
reference coordinate system 140. When the values of the measurement data 134A, 134B,
134C, and 134D and corresponding coordinates in the reference coordinate system 140 are
stored in a storage medium, the storage medium contains correlated, composite three-
dimensional data for the object 102.



DK/EP 2192378 T3

V. Further Example Embodiment

[0089] Another example embodiment of the present invention will be described now.

[0090] FIG. 11 illustrates an optical coding pattern 1100 according to this exemplary
embodiment of the present invention. The optical coding pattern 1100 is square-shaped and
has a height and a width each of 90 mm, although other dimensions can be used. The optical
coding pattern 1100 is positionable in the system of Fig. 1A, in place of the optical coding
pattern 112 described above. By way of transparent portion 116, the camera unit 114 can view
at least a portion of the pattern 1100 to acquire image data representing that portion, which
data is processed to determine spatial characteristics of the optical coding pattern 1100, to be
described below. Such characteristics can be used as described above to determine
corresponding spatial characteristics of the object holder 110 with respect to the measuring
unit 104, in a similar manner as described above.

[0091] In one example embodiment, spatial characteristics such as coordinates corresponding
to a particular location on the portion of the optical coding pattern 1100 can be determined
within an accuracy of 5 to 10 microns (which may correspond to 1/20 to 1/10 of a camera
pixel), and an orientation of the portion of the optical coding pattern 1100 with respect to a
reference orientation can be determined within an angular accuracy of 0.04 degrees. Of
course, in other embodiments, other shapes, dimensions, etc. can be employed, besides those
above.

[0092] The optical coding pattern includes optical features having predetermined
characteristics (e.g., same or different sizes, shapes, colors, radii, diameters, hollow shapes,
solid shapes, distances between optical features, or other types of characteristics that enable
the optical features to be identifiable by those characteristics). In the illustrated example, the
optical coding pattern 1100 includes, by example only, 1,296 optical features (also referred to
as "optical markers") 1105 that are substantially circular in shape, and which can be
substantially solid. In other embodiments, however, the optical coding pattern 1100 can include
optical features that have hollow or substantially unfilled circular shapes. When unfilled circular
shapes are used, a feature value for an unfilled circular shape can be determined based on a
radius of an inner portion of the unfilled circular shape and a radius of an outer portion of the
unfilled circular shape. Accordingly, when an unfilled circular optical shape is used, a
corresponding feature value can be determined using two radii values, which may increase
accuracy of determining the corresponding feature value compared to a method that uses a
single radius value. In other embodiments, other types of shapes besides or in addition to
circular shapes can be used. According to the example embodiment shown in FIG. 11, in which
substantially circular optical features are employed, a radius of individual ones of the circular
optical features 1105 may have X (e.g., one) of only a predetermined number Y (e.g., five) of
discrete values, such that different, predetermined sized optical features 1105 can be
employed to uniquely identify a particular position on the optical coding pattern 1100. An optical
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coding pattern according to a variation of the embodiment illustrated in FIG.1C described
above, on the other hand, may include, for example, optical markers 124 that are circular,
each of which has a unique radius that is used to enable identification of a particular position
on the optical coding pattern 112. In addition, the optical coding pattern 1100, in the illustrated
example of FIG. 11, has no horizontal line segments 120 and vertical line segments 122
forming a grid pattern, as are provided on the optical coding pattern 112 illustrated in FIG.1C,
although in other embodiments such line segments can be employed in optical coding pattern
1100.

[0093] According to another example embodiment of the invention, distances between at least
two optical features (e.g., between one or more respective adjacent, paired optical features
(i.e., inter-optical-feature distances)) may have X (e.g., one) of only a predetermined number Y
(e.g., five) of values. In this example embodiment, inter-optical-feature distances
(characteristics) can have associated feature values, and can be correlated in a stored table
that maps inter-optical-feature distances to corresponding feature values.

[0094] According to a further example embodiment of the invention, an optical coding pattern
is provided that has a plurality of optical features disposed thereon, wherein individual ones of
the plurality of optical features may have X (e.g., one) of only a predetermined number Y (e.g.,
five) of discrete colors. In this example embodiment, the color values can have associated
feature values, and can be correlated in a stored table that associates color values to
corresponding feature values, for example. In another example embodiment of the invention,
the optical features 1105 of FIG. 11 can have such colors.

[0095] Also shown in FIG. 11 is a camera view area 1110 (i.e., an area within view of a camera
unit, such as camera unit 114 shown in FIG. 1A, for example). The camera view area 1110 is
square-shaped and has a height and a width each of approximately 15 mm, although other
shapes and dimensions also can be employed. The dimensions of the camera view area 1110
and the optical features 1105 preferably are pre-selected so that each frame of captured
image data corresponding to the camera view area 1110 includes at least a complete N x M
(e.g., 3 x 3 array or other array) array of adjacent optical features 1105. Such an array of
adjacent optical features 1105 is used to determine a spatial characteristic of the optical coding
pattern 1100, as will be explained in detail below.

[0096] Having described an example optical coding pattern 1100, an example of the manner in
which such an optical coding pattern can be formed will be described now. FIG. 12 illustrates
an exemplary process of making the optical coding pattern 1100 shown in FIG. 11. The
process begins in Step S1200. In Step S1202, a substrate is provided. The substrate may be
formed from carbon steel, stainless steel, aluminum, brass, or copper, for example. Of course,
substrates formed from other materials, such as ceramics or paper, also can be used,
depending on applicable design criteria.

[0097] In Step S1204, coordinates, in a first coordinate system, are specified for a plurality of
predetermined locations on the substrate. For example, this can be done so that coordinates
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(0,0) are associated with a lower-left corner of a substrate of an optical coding pattern having a
square shape with each side being 90 mm in length. In an example case in which there is to be
a 36 x 36 array of optical features distributed uniformly on the optical coding pattern, center
portions of the optical features are selected to be spaced apart by about 2.5 mm. Accordingly,
coordinates of the plurality of predetermined locations on the substrate range from (1.25,
1.25), (1.25, 3.75), ... , to (88.75, 88.75), in this example, where each set of coordinates is to
correspond to a center of a corresponding optical feature. The coordinates, in the first
coordinate system, of the plurality of predetermined locations on the substrate are stored in a
memory unit (e.g., secondary memory 910 of FIG. 9).

[0098] In Step S1206, a master array of feature values is generated based on the plurality of
predetermined locations (and coordinate sets) of Step $S1204 and a number of optical features
that can be observed in a single camera view area (e.g., camera view area 1110). The feature
values are to be associated with corresponding predetermined locations and optical features
that are to be disposed at those predetermined locations (as described below), and are
provided in the memory unit. For example, in a case where a 36 x 36 master array of feature
values is to be generated, that master array of feature values corresponds to 1,296 feature
values, each of which is to be associated with coordinates of one of 1,296 predetermined
locations. Also by example, in a case where each frame of image data to be acquired by a
camera unit (e.g., camera unit 114 shown in FIG. 1D) includes at least a 3 x 3 sub-array of
optical features, these features are known to the processor 906 (FIG. 9) to correspond to a 3 x
3 sub-array of feature values (i.e., numbers corresponding to optical features), based on
information stored in the memory unit. The corresponding feature values form a 3 x 3 sub-
array of feature values. For example, the master array of feature values is populated initially
with a first 3 x 3 sub-array of e.g., [0 0 0; 0 0 0; 0 O 1], and then a three-element column is
added in the master array adjacent to the initial sub-array. As a result, an additional 3x3 sub-
array is formed that includes the added three-element column and the second and third
columns of the first 3 x 3 sub-array. This process is repeated until the master array is
populated fully with feature values. Each 3 x 3 sub-array in the master array preferably is
unique with respect to others of the master array, and preferably has no rotational symmetry.

[0099] In Step S1208, a plurality of optical features is generated, wherein each optical feature
corresponds to a respective one of the feature values used to generate the master array of
feature values in Step S1206. For example, FIG. 15A shows an example table 1500 that
includes five optical features and corresponding feature values, although, of course, the
invention is not limited to that specific example only. Information such as that shown in the
table 1500 may be stored in the memory unit. As can be seen, in the depicted example, the
optical features that are generated are circular in shape, although as described above, other
shapes can be employed instead.

[0100] In Step S1210, individual ones of the plurality of optical features are provided at
respective individual ones of the plurality of predetermined locations on the substrate, based
on the corresponding individual feature values in the master array of feature values. That is,
the optical features are provided on the substrate such that a center portion of each optical



DK/EP 2192378 T3

feature corresponds to coordinates of a corresponding one of the predetermined locations
determined in Step S1204, based on the feature values included in the master array of feature
values generated in Step S1206. For example, FIG. 15C illustrates a portion 1510 of an
exemplary optical coding pattern that includes at least some optical features of FIG. 15A,
wherein, as stated above, FIG. 15A shows those features in association with corresponding
feature values. The optical features are arranged according to their corresponding features
values, which are included in a portion 1505 of the master array of feature values shown in
FIG. 15B (i.e., so that a center portion of each optical feature is placed at coordinates of a
location associated with a corresponding feature value). The process ends in Step S1212.

[0101] In some applications it can be useful to provide an optical coding pattern in which
reproducibility of the optical features is ensured within a range of 1 to 2 microns, for example.
At least some manufacturing methods that can be used to produce such optical coding
patterns do not need independent calibration of every optical coding pattern produced. A
Computer Numerical Control (CNC) milling machine could be used, for example, to provide the
optical features to the substrate in Step S1210.

[0102] Another alternative is to use a fine blanking or precision stamping process to "punch”
the optical features through a suitable material (e.g. substrate). A paperboard or a blank sheet
could be used for the substrate. If blank sheets are used, blank sheets made of steel can be
useful owing to favorable thermal expansion properties. In one example, good stability of the
blank sheet can be achieved for the blanking process by employing blank sheets having a
thickness of about 500 microns. Fine blanking also can be useful because, often, only the fine
blanking tools and a few processed plates need to be calibrated.

[0103] In some cases, it may occur that diameters of optical features may grow steadily with
stamping depth. That is, an optical feature at a bottom face of a blank sheet may have a larger
diameter than a counterpart optical feature on a top face of the blank sheet. If these variations
in diameter are deemed to potentially impact accuracy of an image recognition process, holes
can be filled in a subsequent production process. For example, a hard plaster material can be
used as a filling material to fill the holes. Then, surfaces can be polished or cleaned using a
sharp edge of a blade. Image contrast can be optimized by choosing an appropriate color of
the filling material. Similarly, because the optical coding pattern may be mounted to a lower
surface of an object holder (e.g., object holder 110 shown in FIG. 1), the object holder itself
and/or the blank sheet can be colored to gain a high contrast between the blank sheet and
holes punched therethrough, which correspond to optical features.

[0104] Having described the manner in which an optical coding pattern according to an
exemplary embodiment is manufactured, the manner in which a spatial characteristic of the
optical coding pattern is determined using a system, such as that of FIG. 1A, now will be
described. FIG. 13 illustrates an exemplary process of determining a spatial characteristic
corresponding to a portion of an optical coding pattern according to an example embodiment
of the present invention. At least a portion of the optical coding pattern is placed within view of
a camera unit. For example, the optical coding pattern 1100 is placed on a lower surface of the
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object holder 110, facing and within view of camera unit 114, in the same manner described
above and represented in FIG. 1D (except that optical coding pattern 1100 is used in place of
optical coding pattern 112).

[0105] The process begins in Step S1300. In Step S1302, a frame of image data
corresponding to a portion of the optical coding pattern (e.g., 1100) is acquired by the camera
unit (e.g., camera unit 114), in a similar manner as described above in connection with Step
S206 of FIG. 2. For example, the camera unit 114 acquires image data of at least a portion of
the optical coding pattern 1100 in the camera view area 1110 (shown in FIG. 11) of the camera
unit 114 (i.e., the camera unit 114 obtains or captures a digitized scan or image frame of that
portion of the optical coding pattern 1100). That is, the camera unit 114 acquires image data
corresponding to a portion of the optical coding pattern 1100 that is disposed over and faces
the transparent portion 116 of the slide 106.

[0106] In the present example, the acquired frame of image data includes a two-dimensional,
sub-array of captured optical features 1105. For example, the frame of image data may
correspond to an image captured within a camera view area 1520 shown in FIG. 15E. In this
example, although 13 optical features total are shown captured within the camera view area
1520, as can be seen in FIG. 15E, nine of those features form a 3 x 3 sub-array, i.e., a circle in
the middle and its 8 nearest neighbors. That is, among the optical features captured in the
camera view area 1520 is a 3 x 3 sub-array that includes 9 optical features that are arranged
in 3 rows of 3 optical features each, wherein corresponding optical features in each row form
columns of the 3 x 3 sub-array.

[0107] In Step S1304, a feature value is determined for each optical feature of the sub-array of
optical features captured within the camera view area 1520, based on the respective
characteristics of those features. These determinations can be made, for example, by
employing an existing (or later-developed) image processing technique to determine at least
one characteristic (e.g., a size, shape, color, radius, diameter, or the like) of each such optical
feature. For example, in a case where the characteristic is a radius, the radius can be
determined by investigating a border pixel of a feature and fitting a circle into it using any
existing or later developed digital image processing technique that employs edge detection,
wherein the circle fitting is conducted by employing a solution of a linear set of equations. Each
determined radius corresponds to a feature value, as described above, based on information
stored in the memory unit. For example, a table (e.g., FIG. 15A) stored in the memory unit can
be accessed to obtain a feature value corresponding to a radius determined for each optical
feature (or corresponding directly to the optical feature itself). FIG. 15F shows an example 3 x
3 array 1535 of feature values that corresponds to the 3 x 3 array of optical features captured
within the camera view area 1520 shown in FIG. 15E.

[0108] In Step S1306, coordinates, in a first coordinate system, are determined for center
portions of the optical features included in the sub-array of optical features. For example, the
first coordinate system is a coordinate system used by the camera unit 114 shown in FIG. 1A
FIG. 17A illustrates an exemplary first coordinate system 1700, which has been defined based
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on the camera view area 1520 shown in FIG. 15D. More particularly, the first coordinate
system 1700 has been defined such that a center portion of a center pixel 1525 of the camera
view area 1520 shown in FIG. 15D is assigned coordinates (0,0). The coordinates that are
determined in Step S$S1306, are determined within that coordinate system, in this example.

[0109] Coordinates of the center portions of the optical features included in the sub-array of
optical features may be determined using image processing software that implements a Zhou
operator, for example, although in other embodiments, other procedures can be employed.
The Zhou operator is discussed in a publication (Zhou, G., "Accurate determination of ellipse
centers in digital imagery,” ASPRS Annual Convention, Vol. 4, March 1986, pp. 256-264). FIG.
17B illustrates a table 1710 including exemplary coordinates, in the first coordinate system
1700, that can be calculated in Step S1306, in that coordinate system 1700 of FIG. 17A.

[0110] In Step S1308, a sub-array of feature values is generated based on the feature values
determined in Step S1304 and the coordinates determined in Step S1306. FIG. 15F illustrates
an exemplary 3 x 3 sub-array 1535 of feature values, which correspond to at least some
optical features included within the camera view area 1520 shown in FIG. 15E.

[0111] In Step S1310, the sub-array of feature values generated in Step S1308 is located
within a corresponding master array of feature values (i.e., the sub-array is matched with a
corresponding sub-array in the master array). For example, the 3 x 3 sub-array 1535 of
feature values is located within a master array of feature values 1600, as conceptually
illustrated in FIG. 16A.

[0112] In Step S1312, coordinates, in a second coordinate system, which have been
associated with predetermined locations on the optical coding pattern (see Step S1204)
corresponding to the feature values included in the sub-array of feature values generated in
Step S1308 and located in Step S1310, are retrieved from the memory unit (ie., the
coordinates corresponding to the feature values matched to in Step S1310 are retrieved). For
example, a data structure corresponding to the master array of feature values (see Step
S1206) is stored in the memory unit (e.g., secondary memory 910) and includes coordinates,
in the second coordinate system, that are associated with each feature value. The memory unit
is accessed to retrieve the coordinates associated with one or more of the feature values
included in the sub-array of feature values generated in Step S1308. FIG. 16B shows an
example table 1605 representing coordinate values retrieved from the memory unit in Step
S1312, in one example.

[0113] In Step S1314, at least one spatial characteristic (in the second coordinate system) of
the portion of the optical code pattern captured in Step S1302 is determined, based on at least
one of one or more coordinates (in the first coordinate system) determined in Step $S1306, and
one or more coordinates (in the second coordinate system) of one or more feature values
included in the sub-array of feature values generated in Step S1308. Such spatial
characteristics can include, for example, at least one of coordinates and an orientation as
determined below in connection with FIG. 14, or other types of spatial characteristics
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associated with one or more captured portions of the optical coding pattern.

[0114] FIG. 14 illustrates in more detail an example of the manner in which Step S1314 is
performed. The process of FIG. 14 begins in Step S1400.

[0115] In Step S1402, distortion is removed from the image acquired in Step S1302. For
example, to do so image distortion values can be determined prior to acquiring the frame of
image data in Step S1302. The image distortion values may be determined by investigating an
image of a well-known calibration object, calculating position values of certain features of the
calibration object, and comparing the calculated position values of certain features with their
corresponding known position values (position values determined using a high-resolution
measurement system) to determine image distortion values or deviation values (i.e., amounts
by which the calculated position values deviate from the known position values). The resulting
deviation values may be stored in a lookup-table and used to correct the acquired image. The
image distortion values may be used to remove distortion from the acquired image using
existing (or later-developed) image distortion removal techniques. In one example, image
distortion can be removed by employing a process such as that discussed in the publication by
Amidror, |., entitled "Scattered data interpolation methods for electronic imaging systems: a
survey,” Journal of Electronic Imaging, Vol. 11(2), April 2002, pp. 157-176 .

[0116] In Step S1404, a magnification value M of the camera unit is used to scale coordinates
(xc, yo), in the first coordinate system of the camera unit, which were determined in Step

S1306, into scaled coordinates (xsc, ysc), which correspond to a physical unit of measure, such

as microns, using, for example a relationship such as expression (E1) below. For example, the
magnification value M can be determined in a calibration step, prior to acquiring the frame of
image data in Step S1302, using a calibration process by investigating a well-known calibration
target, or by using another suitable technique. For example, in the calibration step, images of a
well-known pattern can be obtained and compared to actual dimensions of the well-known
pattern, using a known calibration process. As described above, the scaled coordinates (xsc,
Ysc) can be determined using the following expression (E1):

X X
Y Ye

[0117] In Step S1406, a value of an angle a is calculated, wherein the angle a represents an
angular offset between a reference orientation of the optical coding pattern 1105 and a
reference orientation of the coordinate system of the camera unit 114. In one example
embodiment Step S1406 can be performed as follows. Center positions of optical features of a
3 x 3 sub-array of optical features have been selected to form a rectangular grid pattern (see
Step S1204). Information (e.g., coordinates of center portions) defining these center positions
is used to electronically fit the rectangular grid pattern onto these center positions. An angle of
the grid pattern with respect to the camera sensor is obtained as a fit parameter used for such
fitting. A modulo 90° arithmetic operator is applied to the obtained angle to determine the angle
a. Ambiguity in the angle a may be resolved with a look-up in a corresponding master array of
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feature values. FIG. 15E illustrates an exemplary angle a formed between a reference
orientation of the optical coding pattern indicated by arrow 1515 and a reference orientation of
the coordinate system of the camera unit indicated by arrow 1530. In this example, the value of
the angle a is determined to be 45 degrees. In other examples, however, the angle a can have
any other rotational value.

[0118] In Step S1408, the value of the angle a determined in Step S1406 is used to rotate the
scaled coordinates (xsc, ysc), into alignment with the reference orientation of the first

coordinate system of the camera unit. Resulting rotated coordinates (Xscr, Yser), in the first

coordinate system of the camera unit, can be determined as shown in the example expression
(E2) below:

[xm ] _ (c.os(oz) —sin(ar) j.(xsc ] E2)
Vo, sin(c) cos(er) ) \ v,.

[0119] In Step S1410, the coordinates (Xs¢r, Yscr), in the first coordinate system of the camera

unit, are translated to coordinates (x, y), in a second coordinate system of the optical coding
pattern, using an offset value. The offset value may be calculated as a distance between a
center optical feature of the 3 x 3 sub-array and the axis of rotation, which is defined by the
origin of the camera view area (e.g., coordinate (0, 0) of the coordinate system 1700 shown in
FIG. 17, which corresponds to the center pixel 1525 of the camera view area 1520 shown in
FIG. 15).

[0120] If an optical feature's position in the optical coding pattern deviates from a nominal
position due to a low accuracy of a manufacturing process of optical coding pattern, these
deviations can be corrected by means of a correction table. In order to do so, the optical
coding pattern may be characterized by a high-resolution measurement system before it is
used. Preferably a value of pattern deviation is much smaller than a desired resolution of the
complete system. For example, if the measuring unit is able to resolve surface data of an
object down to sizes on the order of several microns, the pattern deviation should be much
smaller.

[0121] In one example embodiment of the manner in which Step S1410 is performed,
coordinates (X, y), in the second coordinate system, which correspond to a particular location
on the portion of the optical coding pattern acquired in Step 1302, are determined in step
S1410 using the following expression (E3), wherein the coordinates (x,, yp) may be obtained in

Step S1312, for example.
'x\ xP 'xscr

[ J = ( ]‘l‘( ] (E3)
y yp \yscr

[0122] The process ends in Step S1412, which corresponds to Step S1316 shown in FIG. 13.



DK/EP 2192378 T3

In Step S1412, information representing the value of the angle a and/or the coordinates (x, y)
can be stored in the memory unit or transmitted in a message from the system of FIG. 9, for
example. FIG. 18 illustrates an exemplary second coordinate system 1800, which has been
defined based on the optical coding pattern 1100 shown in FIG. 11. FIG. 18 includes an
indicator 1805 corresponding to the center pixel 1525 of the camera view area 1520, as
acquired in Step S1302. In this example, the coordinates (x, y), in the second coordinate
system, are determined to be (68.75, 28.75).

[0123] The optical coding pattern 1100 shown in FIG. 11 can be used to correlate
measurement data in a manner similar to that shown in FIG. 2, and that information can be
used in conjunction with information obtained in the method of FIG. 13, to obtain a three-
dimensional representation of an object, as will now be described.

[0124] FIG. 19 illustrates an exemplary process, according to an aspect of the invention, for
obtaining measurement data of an object (e.g., one or more teeth), and spatial characteristics
(e.q., spatial coordinates and orientations) associated with, an object holder (e.g., object holder
110 shown in FIG. 1A), for use in obtaining a three-dimensional representation of the object.
The process can be performed by an optical position recognition system, such as the systems
illustrated in FIGS. 1A and 9, for example, and can incorporate at least some of the procedures
shown in FIGS. 12, 13, and 14. Software for performing at least some of those procedures can
be stored in a memory unit, such as secondary memory 910 of FIG. 9, and can be executed by
a processor, such as processor 906 of FIG. 9.

[0125] Referring to FIG. 19 in conjunction with FIGS. 1A, 1D, and 11, the process begins in
Step S1900. Initially, the object 102 is placed on or secured to an upper surface of the object
holder 110, and the optical coding pattern 1100 is printed on or secured to a lower surface of
the object holder 110 (in place of optical coding pattern 112 shown in FIGS. 1A and 1D).

[0126] In Step S1902, the object holder 110 is positioned at a selected location on the slide
106. In Step S1904, the measuring unit 104 acquires measurement data in the measuring field
118 in which a portion of the object 102 appears (i.e., the measuring unit 104 captures an
image frame of that portion).

[0127] In Step S1906, the camera unit 114 acquires image data of at least a portion of the
optical coding pattern 1100 in the camera view area 1110 of camera unit 114, and performs
procedures to obtain at least one spatial characteristic associated with the captured portion of
the optical coding pattern 1100. In one example embodiment of the invention, Step S1906 is
performed by performing Steps S1300 through S1316 of FIG. 13 described above.

[0128] In Step S1908, a processor (e.g., processor 906 of FIG. 9) of the system 100 uses a
software module to perform a translation of coordinates associated with each datum of the
measurement data acquired in Step S1904. Those coordinates are in a coordinate system of
the measuring unit 104, and may have been determined prior to Step S1908, such as in Step
S1904, for example. The translation of Step S1908 can be performed using any suitable
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translation algorithm, and, in one example embodiment of the invention, can be performed in a
manner similar to Step S216 described above.

[0129] In Step S1910, a determination is made whether more measurements are to be
performed (e.g., whether additional measurements need to be performed to capture other
desired parts of the object 102). If more measurements are to be performed ("Yes" at Step
S1910), Step S1902 is repeated so that the object holder 110 is moved to another selected
location on the slide 106, and Steps S1904 through S1908 are repeated for that location as
described above. If no more measurements are to be performed ("No" at Step S1910), the
process ends in Step S1912. At this point, all frames of measurement data have translated
coordinates that are correlated in the reference coordinate system of the optical coding pattern
1100.

[0130] Accordingly, an aggregation of the frames of measurement data can be formed, using
obtained spatial characteristics, such as coordinates, to provide composite measurement data
for the object 102. As such, Step S1912 can include combining the measurement data
obtained in Step S1904 based on the at least one spatial characteristic determined Step
S1906, to provide a composite three-dimensional representation of the captured parts of the
object 102. This formation of the composite representation may be performed according to any
suitable frame registration techniques, such as, e.g., an lterative Closest Point (ICP) algorithm.
However, in principle, no frame registration is needed, as the information from the camera unit
114 is sufficient to create a composite three-dimensional representation of the captured parts
of the object 102.

VI. Exemplary System Architecture

[0131] The present invention (i.e., system 100, or any part(s) or function(s) thereof) may be
implemented using hardware, software, or a combination thereof, and may be implemented in
one or more computer systems or other processing systems. Useful machines for performing
some or all of the operations of the present invention include general-purpose digital
computers or similar devices.

[0132] In fact, in one exemplary embodiment, the present invention employs one or more
computer systems equipped to carry out the functions described herein. An example of such a
computer system 900 is shown in FIG. 9.

[0133] Computer system 900 includes at least one processor 904. Processor 904 is connected
to a communication infrastructure 906 (e.g., a communications bus, a cross-over bar device, or
a network). Although various software embodiments are described herein in terms of this
exemplary computer system 900, after reading this description, it will become apparent to a
person skilled in the relevant art(s) how to implement the invention using other computer
systems and/or architectures.
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[0134] Computer system 900 includes a display interface (or other output interface) 902 that
forwards graphics, text, and other data from communication infrastructure 906 (or from a
frame buffer (not shown)) for display on a display unit (or other output unit) 930.

[0135] Computer system 900 also includes a main memory 908, which preferably is a random
access memory (RAM), and may also include a secondary memory 910. Secondary memory
910 may include, for example, a hard disk drive 912 and/or a removable-storage drive 914
(e.g., a floppy disk drive, a magnetic tape drive, an optical disk drive, and the like). Removable-
storage drive 914 reads from and/or writes to a removable storage unit 918 in a well-known
manner. Removable storage unit 918 may be, for example, a floppy disk, a magnetic tape, an
optical disk, and the like, which is written to and read from by removable-storage drive 914.
Removable storage unit 918 can include a computer-usable storage medium having stored
therein computer software and/or data.

[0136] Computer system 900 also includes a camera unit 932 (e.g., camera unit 114 of FIG.
1A) that captures images and produces image data which is provided to the processor 904, the
main memory 908, and/or the secondary memory 910. In addition, the computer system 900
includes a measuring unit 934 (e.g., measuring unit 104 of FIG. 1A) that acquires
measurement data that is provided to the processor 904, the main memory 908, and/or the
secondary memory 910.

[0137] In alternative embodiments, secondary memory 910 may include other similar devices
for allowing computer programs or other instructions to be loaded into computer system 900.
Such devices may include a removable storage unit 922 and an interface 920 (e.g., a program
cartridge and a cartridge interface similar to those used with video game systems); a
removable memory chip (e.g., an erasable programmable read-only memory ("EPROM") or a
programmable read-only memory ("PROM")) and an associated memory socket;, and other
removable storage units 922 and interfaces 920 that allow software and data to be transferred
from removable storage unit 922 to computer system 900.

[0138] Computer system 900 may also include a communications interface 924, which enables
software and data to be transferred between computer system 900 and external devices (not
shown). Examples of communications interface 924 may include a modem, a network interface
(e.g., an Ethernet card), a communications port (e.g., a Universal Serial Bus (USB) port or a

FireWire® port), a Personal Computer Memory Card International Association ("PCMCIA")
interface, and the like. Software and data transferred via communications interface 924 are in
the form of signals, which may be electronic, electromagnetic, optical or another type of signal
that is capable of being transmitted and/or received by communications interface 924. Signals
are provided to communications interface 924 via a communications path 926 (e.g., a
channel). Communications path 926 carries signals and may be implemented using wire or
cable, fiber optics, a telephone line, a cellular link, a radio-frequency ("RF") link, or the like.

[0139] As used herein, the phrases "computer program medium" and "computer usable
medium" may be used to generally refer to removable storage unit 918 used with removable-
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storage drive 914, a hard disk installed in hard disk drive 912, and signals, for example. These
computer program products provide software to computer system 900. The present invention
may be implemented or embodied as one or more of such computer program products.

[0140] Computer programs (also referred to as computer control logic) are stored in main
memory 908 and/or secondary memory 910. The computer programs may also be received
via communications interface 924. Such computer programs, when executed, enable computer
system 900 to perform the functions of the present invention, as described herein and shown
in, for example, FIGS. 2, 12, 13, 14, and 19. In particular, the computer programs, when
executed, enable the processor 904 to perform the functions of the present invention.
Accordingly, such computer programs represent controllers of computer system 900.

[0141] In an embodiment where the present invention is implemented using software, the
software may be stored in a computer program product and loaded into computer system 900
using removable-storage drive 914, hard drive 912, or communications interface 924. The
control logic (software), when executed by processor 904, causes processor 904 to perform
the functions of the present invention described herein.

[0142] In another exemplary embodiment, the present invention is implemented primarily in
hardware using, for example, hardware components such as application-specific integrated
circuits ("ASICs"). Implementation of such a hardware arrangement so as to perform the
functions described herein will be apparent to persons skilled in the relevant art(s) in view of
this description.

[0143] In yet another exemplary embodiment, the present invention is implemented using a
combination of both hardware and software.

[0144] As will be appreciated by those of skill in the relevant art(s) in view of this description,
the present invention may be implemented using a single computer or using a computer
system that includes multiple computers each programmed with control logic to perform
various of the above-described functions of the present invention.

[0145] The various embodiments of the present invention described above have been
presented by way of example and not limitation. It will be apparent to persons skilled in the
relevant art(s) that various changes in form and detail can be made therein (e.g., different
hardware, communications protocols, and the like) without departing from the present
invention as claimed. For example, other embodiments can be ultrasound or other techniques
besides optical imaging. It is also to be understood that the steps and processes recited in the
claims need not be performed in the order presented. As but one example, Steps S208 and
S210 can be performed in reverse order from that described above, so long as the procedures
account therefor.

[0146] The foregoing description has been described in the context of exemplary
embodiments in which a camera unit acquires two-dimensional image data of a lower surface
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of an object holder, and wherein spatial characteristics are determined based thereon.
However, the present disclosure and invention are not limited to that functionality only. Indeed,
it is within the scope of the invention as claimed to determine the applicable spatial
characteristics based on images taken of other parts of the object holder and/or optical coding
pattern, such as, for example, one or more sides thereof. One skilled in the art will appreciate,
in view of the present disclosure, how to adapt the various steps of the method(s) described
above, if at all, to obtain spatial characteristics based on the obtained images.

[0147] In addition, it should be understood that the attached drawings, which highlight the
functionality and advantages of the present invention as claimed, are presented as illustrative
examples. The architecture of the present invention is sufficiently flexible and configurable,
such that it may be utilized (and navigated) in ways other than that shown in the drawings.
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SYSTEM, APPARAT, FREMGANGSMADE OG COMPUTERPROGRAMPRODUKT
TIL BESTEMMELSE AF RUMLIGE EGENSKABER FOR ET OBJEKT VED HJALP
AF ET KAMERA OG ET SGGEM@NSTER

PATENTKRAV

1. Computerimplementeret fremgangsmade til evaluering af et objekt (102), der er
placeret pd en wsverste overflade af en objektholder (110), hvor fremgangsméaden
omfatter:

indleesning (5204,5206;5S1904) af mindst ét farste billede, der repreesenterer en
indfanget del af objektet, mens objektholderen efterfelgende placeres (5202;S1902) ved
hver af en flerhed af placeringer;

indleesning (S204;5206;S1906) af mindst ét andet billede, der repreesenterer en
indfanget del af mindst én anden overflade pa objektholderen, mens objektholderen er
placeret ved hver af en flerhed af placeringer,

bestemmelse (5208;S210;S212;5S214) af mindst én rumlig egenskab, der er
associeret med den indfangede del af objektet, pa grundlag af mindst ét af de indlaeste
billeder, hvor bestemmelsen omfatter:

bestemmelse (5208;5210) af vaerdier for en flerhed af optiske markerer (124), der
er indfanget i hvert andet billede, mindst to af de optiske markerer har forskellige
egenskaber, der er valgt ud fra en gruppe af farve, sterrelse, form eller afstande mellem
de optiske markgarer, hvor de optiske markarer er arrangeret i en matrice og

bestemmelse (S212;S214) af mindst én af koordinaterne, der er associeret med
vaerdierne og en orientering af den indfangede del af den mindst ene anden overflade,
o9

for hvert fgrste billede, flytning (5216;51908) af koordinater, der er associeret med

den indfangede del af objektet, pa grundlag af orienteringen og koordinaterne.

2. Fremgangsmade ifglge krav 1, som desuden omfatter:

oprettelse af kompositdata pa grundlag af de indlaeste billeder.

3. Fremgangsmade ifalge ethvert af kravene 1 til 2, hvor bestemmelsen (S212;S214)
af det mindst ene af koordinaterne og orienteringen omfatter:
bestemmelse (S1306) af koordinater, i et farste koordinatsystem, for en midterdel

af hver optiske marker, der er inkluderet i flerheden af optiske markearer,



) DK/EP 2192378 T3

frembringelse (51308) af en flerhed af treekveerdier, der hver er associeret med en
midterdel af en tilsvarende én i flerheden af optiske markarer; og
opnaelse (S1312) af koordinater, i et andet koordinatsystem, som er associeret

med én eller flere af flerheden af traekvaerdier.

4. Fremgangsmade ifglge ét af kravene 1 til 3, hvor hver af flerheden af optiske
markgrer har en cirkulaer form, og hvor hver markegrvaerdi er en radius af en tilsvarende

en i flerheden af cirkulaere optiske markearer.

5. Fremgangsmade for ét af kravene 1 til 4, hvor de optiske markarer i matricen er af
samme eller forskellige starrelser, former, farver, radier, diametre, hule former, faste

former, afstande mellem optiske traek.

6. Fremgangsmade ifglge ét af kravene 1 til 5, som desuden omfatter lagring af data,

der er indikative for den mindst ene rumlige egenskab.

7. Fremgangsmade ifglge ét af kravene 1 til 6, som desuden omfatter transmittering
af en meddelelse indbefattende data, der er indikative for den mindst ene rumlige

egenskab.

8. Fremgangsmade ifalge ét af kravene 1 til 7, hvor hver veerdi af en flerhed af optiske
markegrer repraesenterer mindst én af en farve pa en tilsvarende optisk marker eller en

afstand mellem mindst to optiske markarer.

9. Fremgangsmade ifglge ét af kravene 1 til 8, hvor egenskaberne omfatter mindst

én af sterrelse, en form og en farve.

10. Databehandlingssystem (100), der omfatter en objektholder (110) og midler til at
gennemfgre fremgangsmaden ifglge krav 1.

11.  Computerprogramprodukt, der omfatter instruktioner, der, nar programmet afvikles

ved hjeelp af en computer, far computeren til at udfere trinnene ifalge krav 1.
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