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(57) ABSTRACT

A method for shape classification of an object is provided.
Shape categories are provided which specify a plane and
points therein relative to the object, and also specify at least
one limit coordinate for each such point, the limit coordinate
defining a boundary in a direction normal to the plane for the
shape of the object considered in order for the object to be
classified into a respective shape category. The shape cat-
egories can be provided by a user, making the method very
flexible. The shape categories can in particular be derived
from a set of samples of objects representing a shape
category to be defined. For classification, the position of a
surface of the object is measured at each of the points
defined in the shape category, and the result is compared
with the corresponding limit coordinate.
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METHOD FOR SHAPE CLASSIFICATION OF
AN OBJECT

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is filed under 35 U.S.C. § 111(a) and §
365(c) as a continuation of international Patent Application
No. PCT/US2015/045961, filed on Aug. 19, 2015, which
application claims the benefit of U.S. Provisional Patent
Application No. 62/137,650, filed on Mar. 24, 2015, which
applications are incorporated herein by reference in their
entireties,

FIELD OF THE INVENTION

The method relates to the classification of the shape of an
object. An object is classified into one or plural user-defined
categories depending on whether the object’s shape fits
between boundaries associated with each category, The
object may for example be a component for an electronic
device.

BACKGROUND OF THE INVENTION

In various fields of technology objects are handled which,
though of the same type, may vary in their shape. In such a
case, it is often necessary to obtain more precise information
on this shape for each individual object, as the mere knowl-
edge of the type of object is not sufficient. Such objects may
for example be components of an apparatus or device, for
instance an electronic device. Due to, usually unavoidable,
inaccuracies in manufacturing the components, each com-
ponent will exhibit deviations from an ideal or nominal
shape. A further cause of such deviations is deformations of
a specific component which result from mounting the com-
ponent on further components, for example due to mechani-
cal stresses. The deviations may lead to problems in assem-
bling the respective apparatus or device, which may lead to
partial or complete malfunction of the final product.

For example, when manufacturing and/or assembling
electronic components (IC packages, substrates, etc.) the
actual topography or warpage (deformation) shapes of these
components are important in order to ensure proper
mechanical and electrical contact with the supporting
devices on which these components are mounted. One
use-case for which this feature has become even more
important is for stacked assemblies where (increasingly
smaller) electronic components are stacked on one another.
In order to ensure the stacked components used for such
assembly are still in proper electrical contact, a classification
of the warpage shape of the individual components prior to
assembly is required. In this way, components can be sorted
into categories which are known to stack well prior to
assembly. Another use-case encompasses the categorization
of the warpage shape of top and bottom components of
stacked devices after assembly to determine matching top
and bottom categories.

A known method of categorization is to perform a global
second order fit to a surface of interest of the object, and to
categorize the object based on the coeflicients of this fit. The
categories of objects possible by this approach are rather
limited, and furthermore are fixed by the geometry of second
order surfaces.

SUMMARY OF THE INVENTION

The present invention comprises a method for shape
classification of an object, the method comprising the steps
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of providing a first number, N, of shape categories, each
shape category specifying a second number, M_k, of points
in a plane relative to the object, and, specifying for each
point at least one limit coordinate along a direction normal
to the plane, measuring at each of the points a position of at
least one surface of the object along the direction normal to
the plane, and, checking, for each shape category, whether
all measured positions of the at least one surface are com-
patible with the corresponding at least one limit coordinate,
and if this is the case classifying the object to be of the
respective shape category.

The present invention also comprises a method for shape
classification of an object, the method comprising the steps
of a) providing a number N of different shape categories
C_k, 1=<k=N, each shape category C_k specifying a nominal
shape comprising a nominal surface, a number M_k of
points in a plane relative to the nominal shape, the nominal
surface giving a coordinate 7_i, 1=i=<M_k, along a direction
normal to the plane at each of the M_k points, and the shape
category also specifying for each such point two deviations
AZu_i and AZd_i from the coordinate Z_i, b) aligning the
object and the nominal shape with each other, ¢) measuring
at each of the number M_k of points a position of a surface
of the object along the direction normal to the plane,
resulting in a measured value Zm_i for each respective
point, d) checking for each shape category C_k whether
7 _1-A7d_i<Zm_i<Z _i+AZu_i holds for each of the M_k
points, and if so, classifying the object to be of the respective
shape category, €) repeating steps b to d for each shape
category, and, f) repeating steps a) to e) for each surface
relevant for the classification of the object.

The present invention also comprises a method for shape
classification of an object, the method comprising the steps
of a) providing a number N of different shape categories
C_k, 1=k=N, each shape category specifying a nominal
shape comprising a first nominal surface and a second
nominal surface, a number M_k of points in a plane relative
to the nominal shape, the first nominal surface giving a
coordinate Z1_i, 1<i<M_k, along a direction normal to the
plane at each of the M_k points, the second nominal surface
giving a coordinate 7Z2_i, 1=<i<M_k, along the direction
normal to the plane at each of the M_k points, and the shape
category also specifying for each such point a deviation
AZ1 i from the coordinate Z1 i and a deviation AZ2_i from
the coordinate Z2_i, b) aligning the object and the nominal
shape with each other, ¢) measuring at each of the respective
number M_k of points a position of a first surface of the
object along the direction normal to the plane, resulting in a
measured value Z1m_i for each respective point, d) mea-
suring at each of the respective number M_k of points a
position of a second surface of the object along the direction
normal to the plane, resulting in a measured value Z2m_i for
each respective point, €) checking for each shape category
whether Z1 1-AZ1 i<Z1m_i and Z2m_i<Z2_i+AZ2 1 hold
for each of the M_k points, and if so, classifying the object
to be of the respective shape category, and, repeating steps
b) to e) for each shape category.

A general object of the present invention is to provide a
method for shape classification of an object, which allows
flexibly classifying objects according to user-defined cat-
egories, which may be updated or modified as required.

The above examples of use-cases are provided for illus-
tration; the invention is not limited to these or similar
applications, but encompasses any application where the
shape of a component or object, in general, needs to be
classified.
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In an embodiment, a method according to the present
invention for shape classification of an object, a number of
shape categories are provided. This, in particular, can be
done by a user; the user can choose already existing shape
categories or define new shape categories depending on the
classification requirements. For example, if components are
1o be used in a device which have not been used before, new
shape categories will usually have to be defined for these
new components. If known components are to be assembled
into a device in a known fashion, previously defined shape
categories may be used. Assembling known components in
a novel fashion may require the definition of new shape
categories.

Each shape category specifies, relative to the object, a
number of points in a plane; i.e. the plane is defined relative
to the object and the points in this plane are also defined
relative to the object, for instance relative to a coordinate
system fixed relative to the object. The number of points
specified in this way by a shape category need not be the
same for each shape category. Also, the location of the points
in the plane can differ between shape categories.

In any case, each shape category specifies, for each point
it defines as explained above, at least one limit coordinate
along a direction normal to the plane; each limit coordinate
corresponds to a value of a coordinate in the direction
normal to the plane, and is for example specified by giving
this value, or by giving a deviation from a reference value,
as will be discussed further below. The value given is termed
limit coordinate because it is used in defining the categories
as will be seen.

An object is classified according to the invention based on
its shape. As the shape of an object is determined by the
entire surface of the object, the classification is based on the
shape of at least one surface, or portion of the entire surface,
of the object. Each shape category is associated with at least
one surface of the object according to its definition, as it
must be clear to which surface or surfaces of the object the
values of the limit coordinate refer. Proceeding with the
method, at each of the points defined by a respective shape
category, a position of at least one surface of the object along
the direction normal to the plane is measured. The position
of the surface at such a point is the value of the coordinate
along the direction normal to the plane where the surface
intersects the normal to the plane erected at the respective
point. It should be noted that if the shape category specifies
more than one surface to be measured, there may be points
among the points defined by the shape category which are
used in the measurements for only some of, but not all of the
surfaces considered. It is of course also possible that for each
surface considered all of the points are used.

Measuring the position of the at least one surface can be
performed with any suitable measuring apparatus known in
the art for performing such measurements on the type of
object to be classified. A measuring apparatus is suitable, if
it can provide measurement values of the surface position in
a direction normal to the plane, as discussed above. Other-
wise the nature of the measuring apparatus is irrelevant for
the method of the invention.

Next, it is checked for each respective shape category,
whether all measured positions of the at least one surface are
compatible with the corresponding at least one limit coor-
dinate. If this is the case the object is classified to be of the
respective shape category. A measured position of a surface
is compatible with the corresponding limit coordinate at a
particular point of the points defined by the shape category
it depending on the geometry of the arrangement of object
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and measuring apparatus and the definition of the shape
category, it is smaller or larger than the limit coordinate.

From the above it becomes apparent to the skilled person
that for each shape category the limit coordinates define at
least one boundary for a surface of the object. The object is
classified to he n the respective shape category or not to be
in the respective shape category depending on the location
relative to the at least one boundary of the measured
positions of the surface.

The user of the method is free to specify the defining
elements of a shape category, namely the plane, points in the
plane, and the boundary in terms of the limit coordinates.
Therefore the method evidently is very flexible and can be
easily adapted to new requirements, like new types of
components or novel fashions of assembling components.

In an embodiment of the method, for each of the points
defined by the shape category, or at least for a non-empty
subset thereof, two limit coordinates are provided, corre-
sponding to an upper limit and a lower limit, respectively, of
the coordinate along a direction normal to the plane. in this
embodiment a measured position is compatible with the two
limit coordinates, if the measured position corresponds to a
coordinate value between the lower limit and the upper limit.
The lower limit and the upper limit may in particular both
refer to the measured position of one and the same surface,
i.e. the sets of lower limits and upper limits, as specified by
the shape category, then define a lower boundary and an
upper boundary for this surface, Which has to liec between
the lower boundary and the upper boundary in order that a
corresponding object be classified into the respective shape
category. As an alternative, the lower limit may be a limit
coordinate for a position of a lower surface of the object and
the upper limit may be a limit coordinate for a position of an
upper surface of the object. Thus in this case two surfaces
are involved, where at any point in the plane the upper
surface has a higher value of the coordinate along the
direction normal to the plane than the lower surface. Here,
again, each surface, i.e. the upper surface and the lower
surface, must lie between an upper boundary and a lower
boundary defined by the limit coordinates. An example of
this alternative is an object which is classified based on the
shape of a front side and a back side, or a top side and a
bottom side.

In an embodiment the at least one limit coordinate for
each point s specified as a deviation from a nominal surface
at the respective point. The nominal surface is part of a
nominal shape of the objects to be classified. The nominal
shape is provided as part of the definition of the respective
shape category. At each point defined by the shape category
in the plane, the nominal surface intersects the direction
normal to the plane at a certain value of the corresponding
coordinate, thus giving a reference value for the coordinate
normal to the plane at the respective point. The deviation
then is defined with respect to this reference value. In cases
where more than one surface of the object is measured, a
nominal surface may be provided for each surface.

A shape category defines a plane and points therein
relative to the object. A comparison of results of surface
position measurements performed on an object with limit
coordinates defined by the shape category only makes sense,
if the plane and points therein defined by the shape category
are correctly aligned with the object as measured. In order
to achieve this alignment, prior to the measurements of the
position of the at least one surface, measurements are
performed on the object to obtain a location of a center of the
object, a rotation of the object in the plane relative to a
reference angle, and a tilt of the object relative to the
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direction normal to the plane, and wherein the location of the
center of the object, the rotation and the tilt are used to align
the points defined by each category with the object. In a
specific embodiment, a shape category also provides a
nominal shape of the object to be classified, and the shape
category defines the plane and points therein with respect to
the nominal shape of the object. Also, a location of a center
of the nominal shape is included in the definition of the
shape category; the location of this center may be calculated
from the nominal shape. The location of the center of the
object, the rotation and the ftilt of the object are then
determined with respect to the nominal shape of the object.

Here it should be noted that the nominal shape, given as
an abstract mathematical representation by the shape cat-
egory, strictly speaking has neither orientation nor position
in space. The real object, placed into a measuring apparatus
for performing the measurements of the positions of one or
plural surfaces. on the contrary has orientation and position
in space. In the shape category, the plane and points therein
are defined relative to the object, and this has to be taken into
account when performing the measurements. The measuring
apparatus must determine the location of a center of the
object, rotation and tilt of the object relative to a machine
coordinate system of the measuring apparatus, and then
convert the coordinates given relative to the nominal shape
of the object into machine coordinates, so that eventually the
points relative to the object at which measurements are
performed correspond to the points defined in the shape
category. If this is achieved, the points defined in the shape
category and the object are correctly aligned. Likewise, the
results of the measurement have to be converted into coor-
dinates relative to the object, so that comparison with the
limit coordinates defined in the shape category is possible.
Alternatively, the limit coordinates could be converted into
the machine coordinate system for comparison.

The method according to the invention allows the user to
define shape categories very flexibly. A particular way of
defining a shape category is to derive the defining quantities
of a shape category from a set of objects which are examples
of the category to be defined. One possibility for doing this
is as described below.

For each object, at a number of points in a plane relative
1o the respective object, the position of a surface of the
object in a direction normal to the plane is measured. Here
the locations of the points relative to the plane, and the
position of the plane relative to the object are the same for
each object. A nominal shape for the shape category is
defined by giving for each point in the plane a coordinate in
the direction normal to the plane, which is taken to be the
coordinate at which a nominal surface of the nominal shape
intersects the normal to the plane at the point. For each point
in the plane, a set of values of the position of the surface of
the object along the direction normal to the plane results
from the measurements, one value from each object mea-
sured. As value for the coordinate, at each of the points, for
the nominal surface, the average of the set of values corre-
sponding to the point is chosen. The limit coordinates at the
points are set, for example by a user. Alternatively, from the
sets of position values obtained for each point in the plane
also the limit coordinates may be derived. The limit coor-
dinate at each point then is defined by giving a deviation
from the position of the nominal surface, the average intro-
duced above. The deviation for a point in the plane is set
equal to a predefined multiple of the standard deviation of
the values in the set of measured surface positions for the
respective point. As a non-limiting example, six times the
standard deviation may be chosen. In a specific further

20

25

35

40

45

60

65

6

development, for each object a location of a center of the
object, a rotation and a tilt of the object are determined, and
the number of points relative to the respective object are
specified relative to the center of the respective object, in a
plane defined by the tilt and rotation of the object.

In an example embodiment of the method, all shape
categories use the same points in the plane.

In an embodiment of the method where a limit coordinate
is specified as deviation from a nominal shape, for at least
one shape category, instead of separately specifying a devia-
tion at each point in the plane, the nominal surface is divided
into zones and a common deviation is specified for each
zone.

The skilled person will realize that many of the steps
described above are advantageously performed on or with
the help of at least one computer.

These and other objects, advantages and features of the
present invention will be better appreciated by those having
ordinary skill in the art in view of the following detailed
description of the invention in view of the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of embodiments of the inven-
tion and to show how the same may be carried into effect,
reference will now be made, purely by way of example, to
the accompanying drawings in which like numerals desig-
nate corresponding elements or sections throughout.

In the accompanying drawings:

FIG. 1 shows an object and illustrates the basic concept of
the invention,

FIG. 2 illustrates an embodiment with two limit coordi-
nates defined per point, the limit coordinates related to one
surface of the object;

FIG. 3 illustrates an embodiment with two limit coordi-
nates defined per point, related to two surfaces of the object;

FIG. 4 illustrates an embodiment where the shape cat-
egory defines a nominal surface and deviations therefrom;

FIG. 5 illustrates an alignment step for the method,

FIG. 6 illustrates a way to obtain a shape category from
object samples;

FIG.7 is a flow chart describing a specific embodiment of
the method; and,

FIG. 8 is a flow chart describing a further specific
embodiment of the method.

DETAILED DESCRIPTION OF THE
INVENTION

At the outset, it should be appreciated that like reference
characters on different drawing views identify identical, or
functionally similar, structural elements of the invention.
While the present invention is described with respect to what
is presently considered to be the preferred aspects, it is to be
understood that the invention as claimed is not limited to the
disclosed aspect. Also, it is to be understood that the
invention is not limited in its application to the details of
construction and the arrangement of the components set
forth in the following description or illustrated in the draw-
ings. The invention is applicable to other embodiments or of
being practiced or carried out in various ways and is
intended to include various modifications and equivalent
arrangements within the spirit and scope of the appended
claims.

Furthermore, it is understood that this invention is not
limited to the particular methodology, materials and modi-
fications described and as such may, of course, vary. It is also



US 10,215,560 B2

7

understood that the terminology used herein is for the
purpose of describing particular aspects only, and is not
intended to limit the scope of the present invention, which
is limited only by the appended claims.

Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood to one of ordinary skill in the art to which this
invention belongs. Although any methods, devices or mate-
rials similar or equivalent to those described herein can be
used in the practice or testing of the invention, the preferred
methods, devices, and materials are now described.

In the below description, an embodiment is an example or
implementation of the invention. The various appearances of
“one embodiment”, “an embodiment”, “certain embodi-
ments” or “some embodiments” do not necessarily all refer
to the same embodiments.

FIG. 1 is an illustration of object 1. Associated with object
1, by definitions in the shape categories used, is plane 2, with
an associated direction 21 normal to plane 2. Each shape
category defines a number of points 3, shown here as black
dots. in plane 2. A convenient way of doing this is by
specifying coordinates of the points in the plane relative to
a coordinate system defined in the plane as part of the
respective shape category. This coordinate system may for
example be a Cartesian coordinate system. Other types of
coordinate system in the plane are also possible, however. In
the shape category, for each point 3, at least one limit
coordinate 31 is defined. In the drawing, one limit coordi-
nate is shown for two points 3 only, for the sake of clarity.
Limit coordinates 31 are coordinates along direction 1
normal to plane 2. The set of all limit coordinates 31 is on
a limit surface or boundary 33, and actually defines this
boundary.

According to the method, at each point 3, a position of at
least one surface 11 of object 1 is measured along the
direction normal to plane 2. If plane 2 is defined as having
value zero of the coordinate along direction 21 normal to
plane 2, then, in view of the direction of the arrows shown,
measured position 32 as well as limit coordinates 31 are
negative in the example shown in the drawing. This, of
course, is not a limitation of the invention,

According to the method it is checked whether all mea-
sured positions 32 are compatible with the respective limit
coordinates 31, i.e. for each point 3 it is checked whether
position 32 measured for surface 11 at the respective point
3 is compatible with the limit coordinate 31 defined for the
same point 3. The meaning of compatible is part of the
definition of the respective shape category, and may for
example state that surface 11 considered has to lie below
boundary 33 at each point 3. In the example shown in the
drawing, in this case the measured positions 32 would be
compatible with limit coordinates 31. If the measured posi-
tions 32 are compatible with limit coordinates 31, then
object 1 is classified to be in the respective shape category,
otherwise it is classified not to be in the respective shape
category.

This process may be repeated for any number of shape
categories provided, for example provided by a user.

FIG. 2 shows only part of object 1, and in particular one
surface 11 thereof. Shown are three points 3 in plane 2,
defined by a shape category. For each point 3. the shape
category defines two limit coordinates, upper limit 312 and
lower limit 311. At each point 3 position 32 of surface 11 in
direction 21 normal to plane 2 is measured. In the drawing,
for reasons of clarity of illustration, lower limit 311, mea-
sured position 32, and upper limit 312 are shown for
separate points 3. The set of all upper limit coordinates 312
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defines upper boundary 332, the set of all lower limit
coordinates 311 defines lower boundary 331. Surface 11, and
thus object is compatible with the respective shape category,
if surface 11 lies between lower boundary 331 and upper
boundary 332, or, more precisely, if at each point 3 measured
position 32 is compatible with limit coordinates 311, 312. At
each point 3 measured position 32 is compatible with the
limit coordinates, if measured position 32 at the respective
point 3 lies between lower limit coordinate 311 and upper
limit coordinate 312 defined for the respective point 3.

FIG. 3 shows object 1, plane 2 as defined by a shape
category, and a normal 21 to plane 2. Shown are two points
3 in plane 2. The shape category defines for each of the
points 3 an upper limit coordinate 312 and a lower limit
coordinate 311. In this embodiment the lower limit coordi-
nate 311 refers to lower surface 111 of object 1, while the
upper limit coordinate 312 refers to upper surface 112 of
object 1, different from lower surface 111. For each point 3,
a position 322 of upper surface 112 along direction 21
normal to plane 2 is measured. Also, for each point 3, a
position 321 of lower surface 111 along direction 21 normal
to plane 2 is measured. Object 1 is classified to be in the
respective shape category, if at each point 3 position 321 of
lower surface 111 of object 1 is above the lower limit
coordinate 311 defined for that point 3, and if at each point
3 position 322 of upper surface 112 of object 1 is below the
upper limit coordinate 312 defined for that point 3. It can
also be stated that the set of all lower limit coordinates 311
defines upper boundary 331, and the set of all upper limit
coordinates 312 defines upper boundary 332. Object 1 is
classified to be in the respective shape category if both lower
surface 111 of object 1 and upper surface 112 of object 1 lie
between lower boundary 331 and upper boundary 332,
which implies that object 1 lies between lower boundary 331
and upper boundary 332.

FIG. 4 illustrates an embodiment where a shape category
defines nominal surface 4, plane 2 and points 3 in the plane.
Furthermore, at each point 3 the shape category defines at
least one deviation, here two deviations, henceforth referred
to as up-deviation 42 and down-deviation 41, Nominal
surface 4 is defined by the shape category specifying at each
point 3 coordinate 43 of nominal surface 4 in direction 21
normal to plane 2, i.e. a value of the coordinate in direction
21 normal to plane 2 where nominal surface 4 intersects a
normal to plane 2 erected at the respective point 3. Devia-
tions 41 and 42 give the limit coordinates as discussed above
at each point by specifying the difference of the limit
coordinates from coordinate 43 of nominal surface 4 at each
respective point 3, along direction 21 normal to plane 2. In
this way the set of all up-deviations 42 specifies upper
boundary 332, the set of all down-deviations 41 specifies
upper boundary 331. A surface 11 of object 1, here shown
only partially, and hence object 1, are classified to be in the
respective shape category if surface 11 of object 1 is between
upper boundary 332 and lower boundary 331, in analogy to
the embodiment shown in FIG. 2.

If more than one surface of an object is relevant for
classification of the object, a nominal surface and corre-
sponding deviations can be defined for each relevant surface
of the object.

FIG. 5 shows plane 2, direction 21 normal to plane 2,
points 3 in plane 2 and limit coordinates 31 defined at the
points 3 twice. The left part of the drawing is meant to
symbolize the abstract representation of these elements as
they enter the definition of a shape category. The points 3 are
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defined in plane 2, but plane 2 and thus the points 3 have no
fixed position in ordinary space, where for example a real
object to be classified exists.

On the right, the elements are shown again in relation to
object 1 which is to be classified. Object 1 may for example
be located in an apparatus (not shown) for performing
measurements of surface positions on object 1, required for
the method as discussed above. Shown is coordinate system
5 of such an apparatus. The manner how plane 2 is posi-
tioned and oriented with respect to object 1 is part of the
definition in a shape category. In a specific embodiment, this
definition may give position and orientation of plane 2 with
respect to a nominal shape of the object considered, where
the nominal shape is part of the definition of the shape
category. This definition can for example stipulate to posi-
tion an origin of a coordinate system of plane 2 at center 12
of object 1, center 12 of object 1 being determined by
three-dimensional measurements of object 1. The orienta-
tion of plane 2 relative to object 1 can be determined for
example by reference structures or portions of the object,
like a specific cormer or edge of the object. It is also possible
that object 1 is aligned with coordinate system 5 of the
measuring apparatus, and the alignment of plane 2 with
object 1 can make use of the former alignment. In such a
case, plane 2 may actually be specified with respect to
coordinate system 5 of the measuring apparatus in an
identical manner for each shape category, i.e. independently
of the shape category. Here the shape category implicitly
specifies plane 2, as the points 3 specified by the shape
category relate to an object aligned as stated. Similarly, in
cases where the alignment of object 1 is always performed
according to a defined systematic procedure, the position
and orientation of plane 2 with respect to object 1 can result
from this alignment procedure. In this case, as long as it is
clear for a given shape category that the points is specifies
relate to objects aligned by a specific procedure, information
on the position and orientation of plane 2 with respect to
object 1 can be implicit, i.e. the shape category specifies
plane 2 by its connection with the specific alignment pro-
cedure, without having to provide explicit data on position
and orientation of plane 2.

In any case, once plane 2 is properly aligned with object
1, a relation between coordinates in plane 2 and along
direction 21 normal to plane 2 on the one hand, and
coordinates in coordinate system 5 of the measuring appa-
ratus on the other hand results. For example, the coordinate
system in the plane together with the coordinate in direction
21 along the normal to plane 2 may form a three-dimen-
sional Cartesian system, and coordinate system 5 of the
measuring apparatus may also be Cartesian. The position of
the origin of the coordinate system in plane 2 in coordinate
system 5 of the measuring apparatus can be specified by a
shift vector, for example a vector indicating the position of
center 12 of object as measured, in coordinate system 5 of
the measuring apparatus. The relative orientation of the two
Cartesian coordinate systems can for instance be expressed
by Euler angles, as commonly known. Euler angles in this
context are a specific way of specifying rotation and tilt of
plane 2 relative to a reference, for example coordinate
system 5 of the measuring apparatus.

Once alignment is achieved, the measurements of posi-
tions of object surfaces as described above can be per-
formed.

FIG. 6 illustrates how elements forming the definitions
contained in a shape category can be obtained from mea-
surements of samples of objects. To this end, a plurality of
sample objects is provided, each object represented here
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only by a surface 11 of the respective object to be classified.
Plane 2 is defined for each object, by measuring the object
and choosing the position of the origin of the plane and the
plane’s orientation as discussed in FIG. 5 in the context of
preparation for measurement of surface positions. A set of
points 3 is chosen in plane 2, the coordinates of the points
in the respective plane identical for each object. Then the
positions 32 of surface 11 along direction 21 normal to plane
2 are measured at each point for each surface.

For a specific point 3, identified by coordinates in plane
2, anumber of measured position values equal to the number
of object samples (in the drawing three) results. For this
specific point, the coordinate of a nominal surface is defined
as the average of the position measurements obtained for
this point. The standard deviation of the position measure-
ments obtained for the point is used to define the at least one
deviation from the nominal surface. Each deviation defined
for a point is set to a predetermined multiple of the standard
deviation. For example, one deviation could be associated
with each point, and set to six times the standard deviation.
If two deviations, up-deviation and down-deviation as intro-
duced above, are associated with each point, the up-devia-
tion could be set to a first multiple of the standard deviation,
for example five times the standard deviation, and the down
deviation could be set to a second multiple of the standard
deviation, for example four times the standard deviation. Of
course, first and second multiple can also be equal.

FIG. 7 illustrates an embodiment of the method. At the
beginning of the method, at step 600, the object to be
classified is loaded into a measuring apparatus. A number N
of shape categories C_k, 1<k<N, are also provided, for
example to a computer performing the method and control-
ling also the measuring apparatus. Each shape category C_k
specifies a nominal shape for the object. The nominal shape
comprises a nominal surface of the object. Each shape
category C_k further provides a number M_k of points in a
plane relative to the nominal shape. The points can for
example be specified by coordinates in the plane, e.g. by
Cartesian coordinates (X_i, Y_i), 1=i=sM_k; the nominal
surface gives a coordinate 7_i, 1=i=M_k, along a direction
normal to the plane at each of the M_k points. For each point
the shape category C_k also specifies two deviations AZu_i
and AZd_i from the coordinate 7Z_i, 1=i=sM_k; AZu_i will
also be referred to as the up-deviation, and AZd_i as the
down-deviation in what follows, and as regards their role in
the method correspond to the up-deviation 42 and the
down-deviation 41 as discussed in FIG. 4. The following
steps 610 to 640 are performed for each shape category C_k,
1=<k=N, for example in a loop over the shape categories.

For any given shape category C_k, in step 610 the object
and the nominal shape as defined in the shape category, are
aligned with each other, as has been discussed above. In step
620, at each of the number M_k of points defined by the
respective shape category C_k, a position of a surface of the
object along the direction normal to the plane is measured,
resulting in a measured value Zm_i, 1=i=sM_k, for each
respective point. Then, in step 630, it is checked for the
respective  shape category C_k whether 7_i-
AZd_i<Zm_i<Z_i+AZu_i holds for each of the M_k points,
i.e. for 1<i<M_k. Note that the preceding comparison makes
obvious why AZd_1i is called a down-deviation and AZu_i is
called an up-deviation. As the comparison is written here,
both AZd_i and AZu_i are positive. In terminology intro-
duced earlier, 7_i-AZd_i gives a lower limit coordinate for
the respective point, such as for example the lower limit
coordinate 311 in FIG. 2, and Z_i+AZu_i gives an upper
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limit coordinate for the respective point, such as for example
the upper limit coordinate 312 in FIG. 2.

If it turns out in step 630 that Z_i-AZd_i<Zm_i<i+AZu_i
holds for each of the M_k points, i.e. if branch Y is followed
from step 630, the object is classified to be in shape category
C_k in step 632. If it turns out in step 630 that 7_i-
AZd 1<Zm_i1<Z_i+AZu_1i does not hold for at least one of
the M_k points, i.e. if branch N is followed from step 630,
the object is classified not to be in shape category C_k in step
631.

In either case, the method proceeds to step 640 and checks
whether any shape categories C_k remain to be considered
for the object. If so, i.e. if branch Y is followed from step
640, the method returns to step 610. The method performs
step 610 and the following steps up to step 640 with respect
to a further, previously not considered one of the shape
categories C_k provided for the object in step 600. If no
further shape categories remain, i.e. if branch N is followed
from step 640, all shape categories which resulted in a
match, i.e. for which branch Y was followed from step 630,
are output in step 650, for example on a display for a user
or to a memory device for later use.

In the method described so far in the context of FI1G. 7, the
shape categories C_k referred to one surface of the object to
be classified, and for this surface in each shape category C_k
an upper and a lower limit coordinate were defined via the
nominal surface positions Z_i and the up- and down-devia-
tions AZu_i and AZd_i. If more than one surface of the
object needs to be considered for full classification of the
object, the method as described can be repeated for each
further surface to be considered. Depending on the design of
the measurement apparatus, the object may or may not have
to be repositioned or reoriented in the measurement appa-
ratus in step 600.

FIG. 8 illustrates a further embodiment of the method.
The method is similar to the method discussed in the context
of FIG. 7, but here two surfaces of the object are considered,
wherein to each of these two surfaces there corresponds a
respective nominal surface defined by the shape categories.

At the beginning of the method, at step 700, the object to
be classified is loaded into a measuring apparatus. A number
N of shape categories C_k, 1<k=N, are also provided, for
example to a computer performing the method and control-
ling also the measuring apparatus. Each shape category C_k
specifies a nominal shape for the object. The nominal shape
comprises a first nominal surface and a second nominal
surface of the object. Fach shape category C_k further
provides a number M_k of points in a plane relative Co the
nominal shape. The points can for example be specified by
coordinates in the plane, e.g. by Cartesian coordinates
(X_4,Y_i), 1=i=sM_k. The first nominal surface gives a
coordinate Z1_i, 1=i<M_k, along a direction normal to the
plane at each of the M_k points. The second nominal surface
gives a coordinate 72_i, 1=i<M_k, along the direction
normal to the plane at each of the M_k points. The shape
category also specifies for each such point a deviation AZ1_i
from the coordinate Z1 1 and a deviation AZ2_ i from the
coordinate Z2_i along the direction normal to the plane. The
following steps 710 to 740 are performed for each shape
category C_k, 1=k=N, for example in a loop over the shape
categories.

In step 710 the object and the nominal shape are aligned
with each other, as in the method discussed in the context of
FIG. 7. In step 721, at each of the number M_k of points a
position of a first surface of the object along the direction
normal to the plane is measured. A measured value Zlm_i
results for each respective point. In step 722, at each of the
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number M_k of points a position of a second surface of the
object along the direction normal to the plane is measured.
A measured value Z2m_i results for each respective point.

In step 730 it is checked for the respective shape category
whether Z1 i-AZ1 i<Z1m_i and Z2m_i<Z2 i+AZ2_i hold
for each of the M_k points. if these conditions hold, i.e. if
branch Y is followed from step 730, the object is classified
to be in shape category C_k in step 732. Otherwise, i.e. if
branch N is followed from step 730, the object is not
classified to be in shape category C_k in step 731.

In either case, the method proceeds to step 740 and checks
whether any shape categories C_k remain to be considered
for the object. If so, i.e. if branch Y is followed from step
740, the method returns to step 710. The method performs
step 710 and the following steps up to step 740 with respect
to a further, previously not considered one of the shape
categories C_k provided for the object in step 700. If no
further shape categories remain, i.e. if branch N is followed
from step 740, all shape categories which resulted in a
match, i.e. for which branch Y was followed from step 730,
are output in step 750, for example on a display for a user
or to a memory device for later use.

The invention is not limited to those diagrams or to the
corresponding descriptions. For example, flow need not
move through each illustrated box or state, or in exactly the
same order as illustrated and described.

Thus, it is seen that the objects of the present invention are
efficiently obtained, although modifications and changes to
the invention should be readily apparent to those having
ordinary skill in the art, which modifications are intended to
be within the spirit and scope of the invention as claimed. It
also is understood that the foregoing description is illustra-
tive of the present invention and should not be considered as
limiting. Therefore, other embodiments of the present inven-
tion are possible without departing from the spirit and scope
of the present invention as claimed.

LIST OF REFERENCE CHARACTERS

1 object

11 surface (of object)

111 lower surface (of object)

112 upper surface (of object)

12 center (of object)

2 plane

21 direction (normal o plane)

3 point

31 limit coordinate

311 tower limit coordinate

312 upper limit coordinate

32 position (of surface)

321 position (of lower surface)

322 position (of upper surface)

33 boundary

331 lower boundary

332 upper boundary

4 nominal surface

41 down-deviation (from nominal surface)
42 up-deviation (from nominal surface)
43 coordinate (of nominal surface)

5 coordinate system of measuring apparatus
600-650 method steps

700-750 method steps

What is claimed is:
1. A method for shape classification of an object, the
method comprising the steps:
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providing a first number, N, of a plurality of shape
categories, each shape category:
specifying a second number, M_k, of points in a plane
relative to the object; and,
specifying for each point at least one limit coordinate
along a direction normal to the plane;
measuring at each of the points a position of at least one
surface of the object along the direction normal to the
plane; and,

checking, for each shape category, whether all measured

positions of the at least one surface are compatible with
the corresponding at least one limit coordinate, and if
this is the case classifying the object to be of the
respective shape category,

wherein, prior to the measurements of the position of the

at least one surface, the object is measured to obtain a
rotation of the object in the plane and a tilt of the object
relative to the direction normal to the plane, and
wherein the rotation and the tilt are used to align the
points defined by each category with the object.

2. The method of claim 1, wherein for each of the points,
or at least of a non-empty subset thereof, two limit coordi-
nates are provided, corresponding to an upper limit and a
lower limit, respectively, of the coordinate along the direc-
tion normal to the plane, and a measured position is com-
patible with the two limit coordinates, if the measured
position corresponds to a coordinate value between the
lower limit and the upper limit.

3. The method of claim 2, wherein at each point the lower
limit and the upper limit are limit coordinates for a position
of one surface of the object.

4. The method of claim 2, wherein the lower limit is a
limit coordinate for a position of a lower surface of the
object and the upper limit is a limit coordinate for a position
of an upper surface of the object.

5. The method of claim 1, wherein the at least one limit
coordinate for each point is specified as a deviation from a
nominal surface at the respective point, the nominal surface
forming part of a nominal shape provided as part of the
definition of the respective shape category.

6. The method of claim 5, wherein positions of more than
one surface of the object are measured, and a nominal
surface is provided for each of the surfaces measured.

7. The method of claim 5, whetein at least one of the
shape categories is defined from a plurality of objects by the
following steps:

measuring for each object, at a number of points in a plane

relative to the respective object, the position of a
surface of the object in a direction normal to the plane,
the points being identical for each object;

specifying the coordinate in the direction normal to the

plane for the nominal shape for the shape category at
each of the points as the average of the positions of the
surface measured at the respective point for each
object; and,

specifying the limit coordinate at each of the points.

8. The method of claim 7, wherein the limit coordinate is
specified as deviation from the nominal shape by setting the
deviation at each of the points equal to a predefined multiple
of the standard deviation of the positions of the surface
measured at the respective point.

9. The method of claim 7, wherein for each object a
location of a center of the object, a rotation and a tilt of the
object are determined, and the number of points relative to
the respective object are specified relative to the center of the
respective object.
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10. The method of claim 5, wherein for at least one shape
category the nominal surface is divided into zones and a
common deviation is specified for each zone.

11. The method of claim 1, wherein, prior to the mea-
surements of the position of the at least one surface, the
object is measured to obtain a location of a center of the
object, and wherein the location of the center of the object,
the rotation and the tilt are used to align the points defined
by each category with the object.

12. The method of claim 11, wherein the location of the
center of the object, the rotation and the tilt of the object are
determined with respect to a nominal shape of the object.

13. The method of claim 1, wherein the shape categories
agree with respect to the points in the plane.

14. A method for shape classification of an object, the
method comprising the steps:

a) providing a number N of a plurality of different shape
categories C_k, 1<k=<N, each shape category C k
specifying a nominal shape comprising a nominal sur-
face, a number M_k of points in a plane relative to the
nominal shape, the nominal surface giving a coordinate
7_i, 1=i =M_k, along a direction normal to the plane at
each of the M_k points, and the shape category also
specifying for each such point two deviations AZu_i
and AZd_i from the coordinate 7_i;

b) aligning the object and the nominal shape with each
other;

¢) measuring at each of the number M_k of points a
position of a surface of the object along the direction
normal to the plane, resulting in a measured value Zm_i
for each respective point;

d) checking for each shape category C_k whether 7_i-
AZd_i<Zm_i<7_i+AZu,; 1 holds for each of the M_k
points, and if so, classifying the object to be of the
respective shape category;

e) repeating steps b to d for each shape category; and

f) repeating steps a to e for each surface relevant for the
classification of the object,

wherein, prior to measuring at each of the number M_k of
points, the object is measured to obtain a rotation of the
object in the plane and a tilt of the object relative to the
direction normal to the plane, and wherein the rotation
and the tilt are used to align the points defined by each
category with the object.

15. A method for shape classification of an object, the

method comprising the steps:

a) providing a number N of a plurality of different shape
categories C_k, 1<k <N, each shape category specify-
ing a nominal shape comprising a first nominal surface
and a second nominal surface, a number M_k of points
in a plane relative to the nominal shape, the first
nominal surface giving a coordinate Z1_i, 1=i =M _k,
along a direction normal to the plane at each of the M_k
points, the second nominal surface giving a coordinate
72_i, 1=i =M_k, along the direction normal to the plane
at each of the M_k points, and the shape category also
specifying for each such point a deviation AZ1_i from
the coordinate Z1 i and a deviation AZ2_i from the
coordinate 72 i;

b) aligning the object and the nominal shape with each
other;

¢) measuring at each of the respective number M_k of
points a position of a first surface of the object along the
direction normal to the plane, resulting in a measured
value 71 m_i for each respective point;

d) measuring at each of the respective number M_k of
points a position of a second surface of the object along
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the direction normal to the plane, resulting in a mea-
sured value Z2 m_i for each respective point;

e) checking for each shape category whether Z1_i—
AZ1 1 <Z1m_ 1 and 72 m_1 <Z2_ 1466 Z2_1i hold for
each of the M_k points, and if so, classifying the object 5
to be of the respective shape category; and

1) repeating steps b to e for each shape category,

wherein, prior to measuring at each of the respective
number M_k of points, the object is measured to obtain
a rotation of the object in the plane and a tilt of the 10
object relative to the direction normal to the plane, and
wherein the rotation and the tilt are used to align the
points defined by each category with the object.
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