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TITLE OF THE INVENTION

COMBINING FEATURE BOUNDARIES

TECHNICAL FIELD

The present invention relates to equipment and methods used to process
images and, in particular, to equipment and methods used to combine

features of images obtained from multiple fields of view.

INDUSTRIAL APPLICABILITY

Automated production lines often employ imaging technology to assist in
examining parts or other objects being produced. Imaging technologies
commonly utilized on such production lines can include, for example,
video imaging, digital photography, and/or other known processes.
Typically, known imaging technologies are used to obtain images of such
manufactured items within a field of view, and each image may contain a
number of geometric contours. Such contours may be, for example,
machined surfaces, holes, corners, and/or other tightly-toleranced
portions of the fabricated items. These known technologies acquire an
image showing the area of interest and may determine, based on the
image, whether aspects of the imaged area fall within an acceptable range
for the manufactured item. For example, such imaging technologies may

be used in high-speed manufacturing lines to examine the parts or other
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items being produced, and to assist in rejecting parts that are out of

tolerance and/or otherwise unacceptable.

In some imaging applications, however, the area of interest may be larger
than the field of view of the imaging device. For example, a digital
camera or other imaging device used to inspect and/or examine the
manufactured items discussed above may have a relatively small field of
view, and this field of view may be too small to capture an image of an
entire machined surface of the item. In such applications, the area of
interest may extend across the boundary of one field of view and into

another field of view.

BACKGROUND ART

To compensate for the limited field of view associated with known
imaging devices, or for the positioning of areas of interest across the
boundaries of two adjacent images, imaging devices commonly capture
multiple images of the item being examined from multiple fields of view
and then combine the corresponding or overlapping portions of the
images using digital combination software or other means. The process
of combining images from different fields of view is sometimes called
“image stitching”. However, a great deal of inaccuracy can be introduced
when combining images from the different fields of view using known

stitching techniques. In addition, such methods commonly require a
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large amount of computer and/or processor capacity or speed, and can

be extremely cumbersome from an operational standpoint.

For example, the images obtained by prior art systems are typically
“binary” pixel-based images. Such images are made up of a group of
screen pixels that are either on or off. A prior art system may obtain
multiple pixel-based images of the region being inspected and, to ensure
that the entire region is captured, such systems may overlap the fields of
view for each image. For instance, after a first image of the area of
interest is taken, such systems may take a second (adjacent) image of the
same area wherein the field of view of the second image overlaps the field
of view of the first image. Then the first image and the second image are

merged or “stitched” together, pixel by pixel.

However, although in the real world each contour of a machined part has
a distinct boundary, a first pixel-based image of a contour obtained by
prior art systems may have slightly different boundary dimensions or
configurations than a second (adjacent) pixel-based image of the same
contour. For example, a pixel that is turned “on” in the first contour
image may be turned “off” in the second contour image. Such pixel to
pixel variations between two adjacent images of the same contour can be
caused by a number of factors including, but not limited to, slight camera
rotation, imperfect calibration of pixel sizes, and inhomogeneous lighting
and shading effects causing some pixels in the binary images to be on in

one image and off in the other image. When forming a combined image
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of the contour, prior art stitching methods typically mask these
inaccuracies through alignment and interpolation techniques in which the

corresponding pixels in the two images are merged.

Unfortunately, known stitching methods are time-consuming, and create
potentially massive images requiring a great deal of computer memory to
store and analyze. The inaccuracies inherent in known stitching methods
may also have a snowball effect if the resulting combined image is later
used in comparison analyses with other images. The pixel to pixel
variations and onerous memory requirements of known image
combination methods can dramatically reduce the efficiency of a
manufacturing line, and may require oversight by one or more human
operators. Such deficiencies can be quite costly in many high-speed

manufacturing environments.

In a paper entitled “Image Alignment and Stitching”, published in
Foundations and Trends in Computer Graphics and Computer Vision,
2(1), December 2006, Szeliski discusses additional problems associated
with prior art methods such as the unreliability of fully automated
stitching. Szeliski points out that it is difficult to simultaneously avoid
matching spurious features or repeated patterns while also being tolerant
of large outliers. Another common problem Szeliski describes is “parallax
error”, the apparent displacement or difference of orientation of an object
viewed along two different lines of sight. The stitching deficiencies

discussed in Szeliski greatly limit the accuracy, reliability, and speed of
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existing combination methods used in automated industrial inspection.
Although Szeliski also teaches techniques used to correct image
distortions caused by parallax error, such correction techniques are not

adequate for most high-precision measurement processes.

U.S. Pat. 5,371,810 to Vaidyanathan discloses a method of registering
perimeter points with X, Y Cartesian coordinates and with eight-bit
direction code values. Vaidyanathan also discloses a sorting method used
to determine the linking and connectivity relationship between perimeter
points. Vaidyanathan’s method of sorting perimeter points fails in
complex image merging applications, however, because two-dimentional
X, Y coordinates of closed feature perimeters cannot both be monotonic.
In addition, the Vaidyanathan method fails to sort all perimeter points
uniquely in situations where there are two or more perimeter points
having the same X or Y coordinate values. In addition, the precision of
Vaidyanathan’s method is limited to pixel resolution because the method

and final results taught therein are pixel-based.

U.S. Pat. 4,493,105 to Beall discloses a method of sorting points similar
to that of Vaidyanathan. Beall’s approach also fails because two-
dimensional X, Y coordinates of closed feature perimeters cannot both be
monotonic at the same time. Beall’s method is also limited to pixel
resolution because the method and its final results are pixel-based.
Although Beall does mention feature merging, all of Beall’s disclosed

methods deal only with simple merging cases. The Beall approach fails in
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complex merging situations, such as when two features overlap or cross
at more than two locations, thereby creating multiple combined feature
paths. In addition, neither Vaidyanathan nor Beall teach a method of

automatically distinguishing a “simple” feature from a “hole” feature.

Accordingly, the present disclosure is directed towards overcoming
problems encountered when one attempts to combine two or more
images of a feature that is larger than one field of view. The present
disclosure is also directed toward overcoming difficulties associated with

combining two or more lists of features.

DISCLOSURE OF INVENTION

In an exemplary embodiment of the present disclosure, a method of
forming a combined feature boundary based on boundaries of first and
second overlapping features includes dividing the boundaries of the first
and second overlapping features into line segments of known shape,
identifying crossing points formed by the line segments of the two
features, calculating parametric coordinates of the crossing points, and
determining a sequence of crossing point evaluation based on the
parametric coordinates. The method also includes calculating a first
cross product based on the line segments forming a first crossing point
in the determined sequence, and choosing a first path of the combined
feature boundary according to a mathematical sign of the first cross

product, the first path extending from the first crossing point to the
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second crossing point in the determined sequence. The method further
includes calculating a second cross product based on the line segments
forming the second crossing point in the sequence, and choosing a
second path of the combined feature boundary extending from the
second crossing point according to the mathematical sign of the second
cross product, wherein the combined feature boundary includes the first
and second crossing points and portions of at least one of the first and

second feature boundaries defining the first and second paths.

In another exemplary embodiment of the present disclosure, a method of
forming a combined feature boundary based on boundaries of first and
second overlapping features includes calculating parametric coordinates
of a plurality of crossing points, wherein the plurality of crossing points
are formed by intersections of the first and second feature boundaries,
organizing the plurality of crossing points into a sorted order based on
their respective parametric coordinates, determining a mathematical sign
of a cross product formed by the intersections at each crossing point, and
defining a path of the combined feature boundary between each of the
plurality of crossing points based on the mathematical sign. In such an
embodiment, the combined feature boundary includes each of the
plurality of crossing points arranged according to the sorted order and a
portion of at least one of the first and second feature boundaries. The

method also includes calculating an area defined by the combined feature
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boundary; and determining a feature type associated with the combined

feature boundary based on a mathematical sign of the calculated area.

In a further exemplary embodiment of the present disclosure, a method
of forming a combined feature list includes obtaining first and second
lists of features, identifying a plurality of crossing points formed by
boundaries of features in the first list overlapping with boundaries of
features in the second list, calculating parametric coordinates of each
identified crossing point, sorting each of the crossing points according to
their respective parametric coordinates, and forming a plurality of
combined feature boundaries using the sorted crossing points. The
method also includes adding each of the combined feature boundaries to
the combined feature list and removing each feature forming the plurality

of combined feature boundaries from the first and second lists.

In a further exemplary embodiment of the present disclosure, a method
of forming a combined feature boundary based on first and second
overlapping feature boundaries includes creating an ordered list of
crossing points formed by the overlapping feature boundaries; forming a
first portion of the combined feature boundary extending along the first
feature boundary in a first direction and terminating at a first crossing
point in the ordered crossing point list; selecting the second feature
boundary; and forming a second portion of the combined feature

boundary connected to the first portion, the second portion extending
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along the second feature boundary in the first direction and terminating

at a second crossing point of the ordered list.

BRIEF DESCRIPTION OF DRAWINGS

Fig. 1 illustrates a first field of view according to an exemplary

embodiment of the present disclosure.

Fig. 2 illustrates a second field of view according to an exemplary

embodiment of the present disclosure.

Fig. 3 illustrates a first feature overlapping a second feature according to

an exemplary embodiment of the present disclosure.

Fig. 4 illustrates table 1 including a plurality of points corresponding to

the first and second features of Fig. 3.

Fig. 5 illustrates table 2 including a plurality of points corresponding to

the first and second features of Fig. 3.

Fig. 6 illustrates a combined feature including portions of the first and

second features of Fig. 3.

Fig. 7 illustrates a first and second feature according to an additional

exemplary embodiment of the present disclosure.

Fig. 8 illustrates a combined feature comprising portions of the first and

second features of Fig. 7.
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Fig. 9 illustrates a flow chart corresponding to an exemplary method of

the present disclosure.

Fig. 9a is a continuation of the flow chart shown in Fig. 9.

Fig. 10 illustrates a first field of view according to another exemplary

embodiment of the present disclosure.

Fig. 11 illustrates a second field of view according to the exemplary

embodiment of Fig. 10.

Fig. 12 illustrates a combined feature according to the exemplary

embodiment of Fig. 10.

Fig. 13 illustrates two overlapping features according to an additional

exemplary embodiment of the present disclosure.

Fig. 14 illustrates a combined feature formed from the overlapping

features of Fig. 13.

BEST MODE FOR CARRYING OUT THE INVENTION

Imaging devices and/or computer aided drawing software may be utilized
in various fabrication, assembly, packaging, inspection, monitoring,
and/or other manufacturing processes to produce and/or otherwise
obtain images of a portion of a manufactured item. Such imaging devices
may include, but are not limited to, cameras, scanners, probes, contour

sensors, and/or other devices configured to obtain or produce an image

10
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of the item based on measurements, calculations, inspection, or

sensing methods. For example, in automating the process of detecting
whether various portions of a machined part are within desired tolerance
limits, a manufacturing line may utilize one or more of the above devices
to obtain multiple images of each part produced. These images may
depict one or more features of the part being examined in the inspection
process. As used throughout the remainder of this disclosure, the term
"feature” can be defined as any shape formed on or by at least a portion
of an item being examined. Such features may commonly be referred to
as "contours” by those having skill in the art, and such features may be
formed by, for example, surfaces, corners, radii, diameters, holes,
lengths, widths, heights, and/or any other portions of a machined and/or
otherwise fabricated item. In addition, images of such features may be
projected into a two-dimensional domain. Two-dimensional images of
features are commonly referred to as “blobs” by those having skill in the
art. The exemplary methods described herein may be used to determine

combined feature boundaries and/or form combined feature lists.

For example, an inspection device may employ a digital camera to obtain
multiple images of a portion of an item, such as a cam shaft, to determine
whether machined portions of the shaft are within desired tolerance
levels. In such an exemplary embodiment, however, the digital camera
may not be capable of obtaining a single image of the shaft showing all of

the machined features disposed thereon. Alternatively, an image

11
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obtained by the camera may only display a portion of a machined feature
having a critical tolerance determining acceptability of the entire shaft.
As a result, the camera may be controlled to obtain multiple images of
the shaft in different fields of view. In an exemplary embodiment, these
images may be obtained in adjacent fields of view and the fields of view
in at least two of the adjacent images may overlap. The corresponding
features shown in the multiple images may be combined using the

methods described herein.

Figs. 1 and 2 are illustrative of exemplary camera images taken at
different or adjacent fields of view. For example, the image illustrated in
Fig. 1 may represent a portion of a machined part taken in a first field of
view and the image illustrated in Fig. 2 may represent a portion of the
same machined part taken in a slightly different or adjacent field of view.
As shown in Figs. 1 and 2, the different fields of view may include
different portions of one or more simple features (numbered as Features
1-5), and one field of view may show all or a portion of a feature that is
wholly or partially shown in an adjacent field of view. As used herein, the
term “simple feature” may be defined as a feature whose image
represents an outer boundary of the portion of the item being analyzed.
Simple features may be referred to as “features” throughout this
disclosure and, as will be discussed below, simple features may be
identified as features (combined features or otherwise) whose area is

mathematically negative in sign.

12
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Figs. 10 and 11 also illustrate exemplary camera images taken in adjacent
fields of view. A first portion of a feature of interest (Feature 6) is
illustrated in Fig. 10, and a second portion of the same feature is
illustrated in the adjacent image shown in Fig. 11. Feature 6 includes
first and second hole features H1, H2, and only a portion of hole feature
H1 is shown in each of Figs. 10 and 11. In addition, the boundary of
Feature 6 and the boundary of hole H1 extend across Figs. 10 and 11. As
used herein, the term “hole feature” may be defined as a feature whose
image is disposed fully within the outer boundary of the portion of the
item being analyzed. In exemplary embodiments of the present
disclosure, a hole feature may be disposed within a simple feature. Hole
features may be referred to as “holes” throughout this disclosure and, as
will be discussed below, hole features may be identified as features
(combined features or otherwise) whose area is mathematically positive in
sign. As illustrated in Fig. 12, the adjacent images of Feature 6, and of
the holes H1, H2 defined thereby, can be combined using the methods
described herein. The resulting combined Feature 6 of Fig. 12 includes
the entire area of the partial feature images illustrated in Figs 10 and 11.
The exemplary methods of the present disclosure also accurately resolve
all feature boundary and/or hole boundary discrepancies when forming
the combined feature, and avoid the deficiencies of known pixel stitching

or other feature combination methods.

13
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For example, the algorithms and/or other control software of the present
disclosure may automatically identify feature images that overlap. The
software may combine and/or otherwise merge the overlapping images to
form a combined feature boundary, and may also form and/or display an
image of the combined feature. In this process, parametric coordinates
may be used in defining each feature, and any holes defined thereby, as
discrete groupings of linked line segments having distinct endpoints. As
described herein, a "parametric coordinate” is a single parameter that
uniquely describes a location on a known curve, path, or surface in a two-
dimensional or three-dimensional space. A distinct location along the
curve corresponds to a unique parametric coordinate. Moreover, the
parametric coordinates described herein are monotonic functions and
may be, for example, index-based, linear, nonlinear, logarithmic,
exponential, inverse, distance-based, or proportional functions, as long
as these functions are monotonically increasing or monotonically
decreasing along the feature boundary. The use of a single parameter to
identify a location on a curve, such as a feature boundary, instead of two-
dimensional pixel-based Cartesian coordinates eliminates the ambiguity
problems associated with sorting and linking such two-dimensional
coordinates. Thus, the use of parametric coordinates in the combination
methods disclosed herein greatly simplifies the sorting process, and
greatly improves robustness and reliability as compared to prior art

methods.

14
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For example, pixel-based combination methods require far more
computer capacity and are not capable of as accurately identifying feature
crossing points, such as those located between pixel boundaries in two
overlapping feature images. These deficiencies are partly due to the
limitations inherent in pixel-based images. In particular, pixel-based
images are only capable of representing a feature with finite resolution
(e.g., the native pixel resolution of the imaging device) using coordinates
applicable only to the particular field of view in which the image was
obtained. The coordinates applicable to a feature shown in a first field of
view are not necessarily aligned with the same feature shown in a second
adjacent field of view on a pixel-by-pixel basis. The required time
consuming and complex alignment between the image from the first field
of view and the image from the second field of view, plus the
inhomogeneous lighting and parallax errors mentioned by Szeliski,
prevent two images of a feature from being accurately combined using
prior art methods. In fact, the dimensional uncertainty suffered during
the combination of images using pixel-based methods may be similar to,
or even greater than, the machining error, making reliable quality control

difficult.

In an exemplary embodiment, the imaging system of the present
disclosure may overcome the deficiencies of the prior art by obtaining
pixel-based images of the features undergoing examination in partially

overlapping adjacent fields of view. The imaging system may then

15
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calculate and/or otherwise define the perimeter of each feature using a
plurality of discrete line segments of known shape. In an exemplary
embodiment, the line segments may be straight line segments.
Alternatively, the line segments may be any other shape known in the art
such as, but not limited to, curves, arcs, or splines. The system may
initially extract the end points of each line segment in Cartesian
coordinates and may then define the end points using a single parameter,
such as a parametric coordinate. The system may sort the end points in
the order in which they appear on each respective feature boundary (in
either a clockwise or counterclockwise direction) and may use the
Cartesian coordinates of the end points to calculate any crossing points
of the line segments. The system may also calculate and/or convert each
of the crossing points to parametric coordinates. ldentifying the crossing
points with parametric coordinates enables the system to define each of
the crossing points accurately and uniquely, and to avoid the ambiguity

problems encumbering pixel-based methods.

Once the parametric coordinates of each crossing point are determined,
the crossing points can be registered and sorted according to their
parametric coordinates, and the system can then determine the path from
any crossing point on the combined feature boundary by determining the
sign of the cross product of the two crossing line segments (vectors) at
every crossing point. This calculation may involve, for example, the right

hand rule of vector geometry. Using the sorted crossing points and the
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determined combined feature path, the system can form the combined
feature. The system may also convert the parametric coordinates of each
segment end point to unit-based real world Cartesian coordinates (such
as millimeter-based X, Y Cartesian coordinates). From these unit-based
coordinates, the software can determine whether the combined feature
and, thus, the item being analyzed is within a desired tolerance range
necessary for acceptance of the item. The system can also determine
whether the combined feature is a simple feature or a hole feature. Such
a determination may be made based on the mathematical sign of the area
of the combined feature in question. The system may also perform a
distortion correction process after the formation of each combined
feature boundary and may form one or more combined feature lists.
Aspects of the disclosed method will be described below while a more
detailed discussion of an exemplary embodiment of the present
disclosure is set forth in the Industrial Applicability section with reference

to Figs. 9 and 9a.

Fig. 3 illustrates a first feature (Feature 1) overlapping a second feature
(Feature 2) according to an exemplary embodiment of the present
disclosure. In the embodiment shown in Fig. 3, Feature 1 crosses Feature
2 at two crossing points (points P and Q), and the boundaries of Features
1 and 2 are made up of a series of sequential line segments each having
distinct end points. In an exemplary method of the present disclosure,

such feature boundary segment end points may be connected in a

17
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clockwise fashion as shown by the arrow in Fig. 3. While the clockwise
connection of such end points will be described herein by way of
example, it is understood that, in additional exemplary embodiments,
such endpoints may be connected in a counterclockwise fashion.
Moreover, it is understood that the process of defining a feature as, for
example, a grouping of linked line segments having discrete end points is
well known in the art. Accordingly, this process will not be described in

great detail herein.

Coordinate Conversion

An exemplary conversion of feature boundaries expressed as groups of
linked line segments with end points defined by Cartesian coordinates,
into boundaries comprising line segments with end points defined by
parametric coordinates, can be explained with respect to Features 1 and 2
illustrated in Fig. 3. Initially, each of the end points illustrated in Fig. 3
can be represented using Cartesian coordinates (xi, yi) {i=0, 1, 2,..., N},
where xi and yi are in double precision. A point along the line segment

can be represented according to the following expression:

{(M- xi+rxi+1,A-nyi+ ryi+1} (i=0,1, 2...N-1; 0.0<=r<1.0),

where i is an integer index of the feature end points, and r is a double
precision number. If (x, y) is a point of interest on a feature line segment
between (xi, yi) and (xi+1, yi+1), such as an end point or a crossing

point, the parameter r can be expressed as the ratio between the distance

18
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from point (x, y) to point (xi, yi) and the distance from (xi+1, yi+1) to the
point (xi, yi). As a result, r can also be calculated with the equation r = (x
- Xi)/(xi+1 - xi) or the equation r = (y - yi)/(yi+1 -yi) as long as one
avoids the divide-by-zero error when the segment involved is either
parallel to the X axis or parallel to the Y axis. Further, letting t=i+r, a
simple one-dimensional parametric coordinate P(t), of double precision,

can be calculated to describe any point of the feature wherein:

P(t)={xt, yt} (0.0<=t<N).

By converting to parametric coordinates, the system can identify any point
along a feature boundary uniquely using only a single parameter (t).
Thus, sorting, searching, and linking all points along the feature

boundary can also be accomplished with a single parameter.

Conversely, the two parameter Cartesian position {xt, yt} of coordinate t
can be computed by first converting t into i and r according to the

following equations:

xt=(1-r) xi + r xi+1 (i+0,1,...N-1; 0.0<=r<1.0); and

yt=(1-nyi+ryi+1 (i+0,1,...N-1; 0.0<=r<1.0).

Thus, it is possible to convert parametric coordinates into real world unit-
based Cartesian coordinates and vice versa. It is understood that the
methods described herein may be utilized with double precision or better.

Double precision is a computer numbering format for representing

19
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floating-point values and, as such formats are commonly known in the

art, this format will not be described in great detail herein.

Point Registration

Exemplary crossing point calculation methods will be described in greater
detail below with respect to Figs. 9 and 9a. Once parametric coordinates
for the crossing points of two intersecting feature segments have been
defined, the coordinates of the crossing points can be registered. As
used herein, the term “register” means to record, save, and/or otherwise
store in a recordable medium such as, for example, a digital computer
memory. As shown in the Tables 1 and 2 of Figures 4 and 5, respectively,
by registering the crossing points, the system may record information
regarding the points such as, for example, parametric coordinates,
Cartesian coordinates, and the corresponding feature identifier. In Tables
1 and 2, each row shows all of the registered information pertaining to a

unique crossing point.

Point Sorting

For example, Column 1 of Table 1 lists the parametric coordinates of
each crossing point disposed on an exemplary Feature #1, and Column 2
lists the order indices associated with each crossing point of Column 1.
The indices in Column 2 are assigned based on the order in which the
corresponding crossing point appears (1st, 2nd, 3rd, etc.) along the

boundary of exemplary Feature #1 in, for example, the clockwise
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direction. Similarly, Column 3 of Table 1 lists the parametric coordinates
of each crossing point disposed on an exemplary Feature #2, and Column
4 lists the order indices associated with each crossing point of Column 3

based on their order along the boundary of Feature #2. Thus, Columns 2
and 4 of Table 1 contain sorted indices of the parametric coordinates

listed in Columns 1 and 3, respectively.

Columns 1-4 of Table 2 correspond to Columns 1-4 of Table 1. Table 2,
however, illustrates a more complex feature combination in which
exemplary Feature #’s 1 and 2 combine to form more than a single
combined feature. In such situations, the software may identify the
combined feature to which each crossing point belongs using unique
feature identifiers (1, 1, 2, etc.). Such feature identifiers are listed for

each crossing point in Column 5 of Table 2.

Utilizing parametric coordinates enables the software to easily,
accurately, and uniquely sort each point of interest along two or more
overlapping features in an orderly fashion. In particular, parametric
coordinates can be used to precisely describe not only the location of any
point on a feature boundary, but also the order of points on the
boundary, with just a single parameter. In other words, the distance to
any point along the combined feature boundary, as measured from a
starting point on the boundary, is a monotonically increasing function of
its parametric coordinate. Thus, sorting all the points on a combined

feature boundary according to their parametric coordinates will generate
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a sequential list of feature points on the boundary without the

redundancy problems hampering methods using Cartesian coordinates.

For example, sorting two Cartesian coordinate points P1 (X=3,Y = 7)
and P2 X =5, Y = 2) on a feature boundary may result in two possible
different sorted results: P1P2 (sorted according to rising X coordinate) or
P2P1(sorted according to rising Y coordinate). If points P1 and P2 were
represented using parametric coordinates, on the other hand, each t value
would only yield a single distinct location with a single distinct parametric

coordinate (P).

Path Determination

The parametric coordinates described herein may also be used to
determine which path the combined feature will follow (i.e., which next or
intermediate point to include in the combined feature) after a crossing
point has been identified and located. For example, as shown in Fig. 7,
exemplary Features 1 and 2 may have a plurality of crossing points
(illustrated as points N-W). A path determination can be made along
boundaries of Features 1 and 2 in the outward direction, and the
boundary of the combined feature shown in Fig. 8 may pass through each
crossing point. In an exemplary embodiment, the software may make
this determination for each intermediate point forming the two outward
routes from the identified crossing point. In another exemplary

embodiment, the software may also make this determination for each

22



10

15

20

WO 2010/050996 PCT/US2008/086309

adjacent boundary point (intermediate point) forming the two inward

routes to the identified crossing point.

Using crossing point P of Fig. 7 as an example, the intermediate points
forming the two inward routes to point P are point A of Feature 1 and
point B of Feature 2. These points form the line segments AP and BP,
respectively, defining the path into the crossing point P in the clockwise
direction. In addition, the two intermediate points forming the two
outward routes from point P are point C of Feature 2 and point D of
Feature 1. These points form the line segments PC and PD, respectively,
defining the path out of the crossing point P in the clockwise direction.
Thus, the software may determine the boundary of the combined feature
passing through crossing point P from four possible routes: APC, APD,
BPC, and BPD. In an exemplary embodiment, for a feature boundary
traversed in a clockwise direction, the right hand rule of vector geometry
(also known as the cross product rule) can be used to make this
determination. In particular, in analyzing two outward routes (or vectors
pointing away from the crossing point) according to the right hand rule, if
the mathematical sign of the cross product is negative, i.e., PC x PD < 0,
(forming a vector pointing into the page) then the segment on the left of
the cross product (segment PC) may be chosen for inclusion in the
resulting combined feature. Alternatively, if mathematical sign of the
cross product is positive, i.e., PC x PD > 0, the segment PD may be

chosen for inclusion in the resulting combined feature. The combined
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feature including route APC is shown in Fig. 8 consisting of points linked
in a clockwise direction. As discussed above, the boundary points of two
intersecting features may be combined in a clockwise or counterclockwise
manner. In addition, a left hand rule of vector geometry (analogous to
the right hand rule discussed above) may be used according to the
methods and processes described herein to yield the same result
depending on whether the intersecting features are combined in a

clockwise or counterclockwise direction.

Hole Features

It is also understood that, as shown in Figs. 10-12, when two overlapping
images of a simple feature are combined, the resulting combined feature
may define one or more hole features. Holes may define, for example, a
defect in the imaged item. Alternatively, holes may define toleranced
and/or otherwise meaningful portions of the item being analyzed. The
points on the peripheries of these holes are linked in a direction opposite
of that of the parent simple features. In an exemplary embodiment, the
methods discussed above may also be utilized to define the perimeter,
boundary, and/or configuration of such holes. These holes can be either:
1) holes that are wholly seen in at least one field of view; or 2) holes
disposed along corresponding edges of two adjacent fields of view and
that must be rectified to form a combined feature. Hole H2 of Fig. 11
illustrates this first scenario and Holes H3 and H4 of Fig. 14 illustrate this

second scenario. Holes H3, H4 are formed by the combination of

24



10

15

20

WO 2010/050996 PCT/US2008/086309

Features 7 and 8 shown in Fig. 13. The location and configuration of
holes in the combined feature can be determined using the same method
discussed above with respect to the adjacent points of inward and
outward routes. In an exemplary embodiment, holes can be identified by
the fact that the mathematical sign of their calculated area is positive and
that all points on their peripheries are linked in the direction opposite

that of a simple feature.

After two intersecting features have been merged to form a combined
feature boundary, a portion of the combined feature may be displayed by
one or more display devices of the present disclosure. Although not
explicitly illustrated in the figures described above, it is understood that
such a display device may include, for example, a cathode ray tube, LCD
display, digital flat screen monitor, or other known image display

apparatus known in the art.

An exemplary method of the present disclosure is illustrated in the flow
chart 100 depicted in Figs. 9 and 9a. Unless otherwise specified, the
exemplary flow chart 100 illustrated in Figs. 9 and 9a will be explained
with reference to Features 1 and 2 illustrated in Fig. 3 for ease of
discussion. As discussed above, the methods described herein may be
utilized in a variety of inspection procedures and, in particular, inspection
procedures in which one or more images of a portion of a manufactured
part or item are required to assist in determining whether the

manufactured item is within acceptable tolerance levels. It is understood
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that tolerance levels include both dimensional tolerances as well as defect
detection tolerances such as the number and size of defects. This
technique can also be used to reverse engineer or actually create a CAD
file of a part from feature images. Such images may be taken at, for
example, a casting, machining, fabrication, assembly, inspection, and/or
any manufacturing facility known in the art. The methods and structures
described herein may also be used in non-manufacturing applications,
such those requiring high-speed and/or automated recognition of

structures, handwriting, type-written text, and/or other images.

The exemplary methods described herein may also be used to form a
single combined feature list from two or more lists of features. Such lists
of features may be obtained from a variety of sources. Although we have
described feature lists obtained by repeatedly imaging a portion of a
machined part, such lists may also be obtained from a single image that
is processed in two or more different light settings, or from CAD files, or
from other non-image sources. In each of the exemplary embodiments
described herein, such feature lists may be evaluated in an iterative, non-
iterative, real-time, and/or otherwise ongoing manner as additional
feature lists are obtained. Thus, each additional feature list may be
iteratively or non-iteratively merged with a combined feature list to form
an updated combined feature list. As a part of forming such combined
feature lists, two or more overlapping feature images may be combined

using the processes described herein.
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In an exemplary method of forming a combined feature list, an imaging
device, such as a high-speed digital camera, may be controlled to obtain
a plurality of images of a portion of a machined part. Upon analyzing the
plurality of images obtained, the control software may define, calculate,
and/or otherwise obtain a first list of features (Step 102). The software
may then define or calculate the boundaries of each feature in the first
list, and any holes formed thereby, in terms of discrete line segments.
The software may also calculate the parametric coordinates of the end
points of each line segment making up the features in the first list, and
the associated holes defined by these features. (Step 104). It is
understood that although the following discussion of Figs. 9 and 9a will
generally pertain to the use of parametric coordinates, in additional
exemplary embodiments, any other system of coordinates using a single
parameter to uniquely determine a location on a curve in two-

dimensional or three-dimensional space may be used instead.

As discussed above, the images described herein may be obtained from
multiple fields of view such as, for example, multiple camera views or
angles, and such fields of view may overlap. Moreover, the lists of
features obtained in the exemplary methods of the present disclosure
may be formed using, for example, feature location methods known in
the imaging arts. Such exemplary feature locators may be primarily
software-based and may be performed in each field of view. These

feature locators frequently have sub-pixel resolution which further

27



10

15

20

WO 2010/050996 PCT/US2008/086309

complements the real world unit-based coordinate methods presented
here. In still another exemplary embodiment, the lists of features may be

imported from CAD files or other known sources.

Once the first list of features is obtained in Step 102, the software may
control the imaging device to obtain a second list of features (Step 106)
and the software may define or calculate the boundaries of each feature
in the second list, and any holes formed thereby, in terms of discrete line
segments. Thus, as described above with respect to Step 102, the
software may divide the boundaries of each feature in the first and
second list into discrete line segments. The software may also calculate
the parametric coordinates of the line segment end points making up
each of the features in the second list and any associated holes (Step
108). At Steps 104 and 108, the system may also sort the parametric
coordinates according to their location along the respective features as
encountered in either a clockwise or counterclockwise direction. Such
sorting of these parametric coordinates may be useful in, for example,
determining intermediate points at Step 150, adding all portions along an
outward path of the combined feature boundary, at Step 154, and/or
determining the direction of the combined feature path at each crossing
point. In an exemplary embodiment, the sequence of crossing point
evaluation may be determined based on the sorted parametric

coordinates of each crossing point.
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It is understood that more than two lists of features may be obtained in
additional exemplary embodiments of the present disclosure, and each of
these additional feature lists may be evaluated in forming and/or
otherwise updating a combined feature list. In an exemplary
embodiment, once first and second lists of features are obtained, the
software may begin to merge and/or otherwise combine the two lists of
features. In this process, the software may examine each feature in the
first list separately to determine whether or not one or more features
from the second list overlaps therewith. Once the analysis has been
completed for the first feature of the first list, the same analysis may then
be repeated for each of the remaining features of the first list until each
feature of the first list has been analyzed with respect to each feature of
the second list. As a result of this analysis, the software may form the
combined feature list including each feature on the imaged part. The
combined feature list may then be revised and/or otherwise updated as

additional feature lists are obtained and processed.

In general, if the feature being examined from the first list obtained in
Step 102 does not overlap any features from the second feature list
obtained in Step 106, the examined feature from the first list may be
copied to the combined feature list. If, however, the feature from the first
list does overlap one or more features from the second list, then the two
overlapping features will be combined and the combined feature will be

added to the combined feature list. The process will be repeated until,
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for example, each feature in the two or more feature lists has been

analyzed.

In determining whether boundaries of two features overlap, the software
may determine whether the x and y ranges of any feature in the first list
of features obtained in Step 102 overlaps corresponding minimum and/or
maximum x and y ranges of any feature in the second list of features
obtained in Step 106 (Step 110). The determination made at Step 110
may be utilized as a test to see if the two features being analyzed are
likely to cross each other, and this determination may be made using the
Cartesian x and y minimums and/or maximums. As will be discussed
below, the ultimate crossing determination may be made at Step 130.
The determination made at Step 110 is not, however, redundant with Step
130 since Step 110 may serve to filter out non-overlapping features for
direct inclusion on the combined feature list. If none of the x and y
ranges of any of the features in the first list overlaps corresponding x and
y ranges of features in the second list, all features from the feature lists
obtained in Steps 102 and 106 may be used to form a cumulative
combined feature list (Step 112). As shown in Fig. 9, the system may also
determine whether any other feature lists exist (Step 120). At least a
portion of a feature included in the combined feature list may also be
displayed by one or more of the display devices discussed above (Step

114).
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If, however, any maximum and/or minimum x and y ranges of any feature
in the first list of features obtained in Step 102 overlaps corresponding
maximum and/or minimum x and y ranges of any feature in the second
list of features obtained in Step 106, a feature (F1) from the first list of
features may be selected to begin an exemplary feature combination
process. In addition, a feature (F2) from the second list of features
obtained in Step 106 that overlaps the feature (F1) from the first list of
features may also be selected for analysis (Step 116). It is understood
that, in an exemplary embodiment, the selection of the features F1, F2
may occur automatically or may be performed by the exemplary feature
combination software utilized in embodiments of the present disclosure.
Alternatively, an operator performing the feature combination process

may manually select the overlapping features F1, F2 for examination.

After the first and second features F1, F2 have been selected, a line
segment (L1) on the feature F1, and a line segment (L2) on the feature F2
can also be selected (Step 118), and the software may determine whether
or not the features F1, F2 cross each other. Although not illustrated in
Fig. 9, as a part of this process the software may determine whether the
selected line segment L1 is parallel to and/or collinear with the selected
line segment L2. If the line segments L1, L2 are parallel and/or collinear,
the software may register the end points of L1 that are on L2. It is
understood that the crossing points, end points, and/or other portions of

the features discussed above may be registered in a memory device
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associated with, for example, a computer or other known controller
associated with the display device, the imaging device, and/or the

software of the present disclosure.

If the software determines that the selected segment L1 is not parallel to
or collinear with the selected segment L2, the software may then
determine whether the segment L1 of feature F1 crosses the segment L2
of the feature F2 (Step 130). If the segment L1 does not cross the
segment L2, the software may determine if there is an unevaluated
feature F2 line segment (LN), in a clockwise direction from the line
segment L2, adjacent to the feature F2 segment L2 previously evaluated
(Step 126). It is understood that this analysis may also be done in a
counterclockwise direction. If such an adjacent line segment LN does
exist in a clockwise direction from the segment L2 previously evaluated,
the software may select the adjacent segment LN as a new line segment
L2 (Step 128), and the software may return to Step 130 wherein the new
segment L2 will be evaluated with respect to the selected segment L1 of

the feature F1.

On the other hand, if there is no additional unevaluated segment LN from
the feature F2 disposed clockwise adjacent to the segment L2 previously
evaluated, the software may determine if there is an unevaluated segment
LN on the feature F1 disposed clockwise adjacent to the line segment L1
of the feature F1 previously evaluated (Step 136). If such an unevaluated

line segment LN does not exist on the feature F1, the software may go to
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Step 144. If, however, such a segment LN does exist on the feature F1,
the software may select the unevaluated line segment LN on the feature
F1 as a new segment L1 (Step 140), and the software may then return to

Step 130.

With continued reference to Step 130, if the segment L1 of feature F1
does cross the segment L2 of feature F2, the software may calculate the
crossing point (Pc) of the segments L1, L2 and may convert the
coordinates of the crossing point to parametric coordinates (Step 142).
As discussed above with respect to Fig. 3, exemplary crossing points of

Features 1 and 2 are shown as points P and Q.

It is understood that once the parametric coordinates of the end points of
segments L1, L2 have been determined, the step of locating and/or
otherwise calculating the parametric coordinates of the crossing point Pc
of the segments L1, L2 may be performed with relative ease. If L1 and L2
are not parallel, the crossing point of these two segments can be
calculated by first representing each segment in standard geometric line
equations (A1x + Bly + C1 = 0 and A2x + B2y + C2 = 0). The software
may calculate the coefficients A, B, and C of each line equation using the
known end points for each line segment. This process will thus yield two
sets of coefficients (A1, B1, C1 and A2, B2, C2). The software may also
determine whether the two lines are parallel by solving for a determining

variable D according to the following equation:
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D= A B ARy

If D is equal to zero, then the two line segments L1 and L2 are parallel,
and if D does not equal zero, the two segments may cross each other. In
determining if D is equal to zero, a small positive tolerance zone A (for
example, A=1.0eA-12) may be defined by the software. If D falls into the

condition -A<D<A, the software may determine that D is equal to zero.

If the line segments are not parallel (D is not equal to zero), the lines on
which they lie will cross, but the segments themselves may still not cross.
The Cartesian coordinates of the point (xc, yc) at which the lines cross

can be calculated using the following expressions:

Ke = (B Oy - By Cob / B3 and

It then must be determined whether or not the crossing point (xc, yc) is
disposed on both line segments L1 and L2. This determination may be
made according to the following conditions for both line segments L1 and

L2:

Min{G, X2 <= X <= Max{x, xz}; and

Miny:, voi <= vy <= Max{y1, v2).

In the above equations, (x1, x2) and (y1, y2) are the coordinates of the

two end points for either line segment L1 or L2. If the point (xc, yc)
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satisfies the above conditions, the software will conclude that the
segments L1 and L2 cross each other at the crossing point (xc, yc). The
software may then convert the crossing point (xc, yc) into parametric
coordinates, and the parametric coordinates of the crossing point (Pc)
may be registered as shown in Table 1 (Step 143). In an exemplary
embodiment, the parametric coordinates of the crossing point
corresponding to both F1 and F2 will be registered in Step 143. If,
however, one of the above conditions is not satisfied, the software would
have concluded at Step 130 that the segments L1 and L2 do not cross

each other.

Once the crossing point Pc has been registered, the software may go to
Step 126 to analyze any additional unevaluated segments (Ln). . As
shown in Fig. 9a, once all crossing points Pc between the Features F1 and
F2 have been calculated, the software may sort the crossing points in any
desirable order. For example, as shown in Step 144, all of the registered
crossing points Pc can be sorted according to the order in which the
crossing points are encountered when traveling along the Feature F1 in a
clockwise direction. In this process, the software may assign each
crossing point an order index corresponding to the order in which the
points are encountered on Feature F1, and may register each of these
indices. Likewise, as shown in Step 146, the software may sort all of the
crossing points calculated in Step 142 according to the order in which the

points are encountered when traveling along Feature F2 in a clockwise
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direction. The software may then assign an order index to each crossing
point and may register the order indices. As discussed above, exemplary
order indices are shown in Columns 2 and 4 of Table 1 (Fig. 4). As
illustrated in Table 1, each of the crossing points Pc may have a unique

feature-specific order index when sorted.

As shown in Fig 9a, the software may select an unevaluated crossing
point Pcn for evaluation in Step 147. For example, the unevaluated
crossing point Pcn could be chosen from among any of the crossing
points registered at Step 143. In an exemplary embodiment, the software
may select the first sorted crossing point. It is understood that the
software may determine a sequence of crossing point evaluation based on
the parametric coordinates assigned to each crossing point. In particular,
the software may evaluate each crossing point sequentially based on the

sorted order determined at either Step 144 or 146.

The software may then set an exemplary reference point Pref equal to Pcn
(Step 148), and may determine a next and/or intermediate point Pi on an
outward path from the crossing point Pcn (Step 150). In an exemplary
embodiment, the intermediate point Pi may be a point adjacent to the
selected crossing point Pcn, and the determination of an intermediate
point Pi at Step 150 may dictate the direction of a combined feature Fc
from the crossing point Pcn outward and in, for example, a clockwise
direction. For example, with reference to Fig. 3, once the coordinate of

the crossing point P has been determined, the software may pick the
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crossing point P as a point on the boundary of the combine feature Fc.
Beginning at crossing point P, the software may then determine whether
to include point A of Feature 1 or point B of Feature 2 as an intermediate
point Pi on an outward path of the combined feature Fc from point P.
Points A and B may be selected as the segment end points located
adjacent to the crossing point P as determined by the sorting at the end
points at steps 104 and 108. The software may then determine the
outward path from the crossing point P at Step 151. In addition, although
not shown in Fig. 9a, in an exemplary embodiment the software may
determine whether to include point E of Feature 1 or point F of Feature 2

as an intermediate point Pi on an inward path of the combined feature Fc.

To determine the intermediate point Pi on an outward path from crossing

point Pc and at Step 150, the software may, for example, calculate at least
the sign of the cross product of the two vectors P4 and PB, wherein Z =

PA x PB. With continued reference to Fig. 3, if the hypothetical z vector
points to the -Z direction (i.e., into the plane of the paper), the path
defined by segment PA will be chosen by the software as the outward
path from crossing point P in the combined feature Fc. In addition, point
A will be chosen as the intermediate point Pi on the outward path from

crossing point P for inclusion on the combined feature Fc. If, on the other

hand, the Z vector points in the +Z direction (i.e., out of the plane of the
paper), the path defined by segment PB will be chosen as the outward

path from crossing point P, and point B will be chosen as the intermediate
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point Pi on the outward path from crossing point P for inclusion on the
combined feature Fc. In the exemplary embodiment illustrated in Fig. 3,

the path defined by segment PB will be chosen by the software because

the Z vector is pointing in the +Z direction according to the Z vector

cross product equation discussed above.

In addition to the cross product rule, the software may determine the
outward path and/or direction of the combined feature Fc using any
number of other predetermined combination rules. For example, if first
and second features are analyzed in a counterclockwise direction instead
of a clockwise direction, a left hand rule can be used to determine an
outward path of the combined feature Fc from a known crossing point. In
addition, the determination made at Step 150 may include canceling
and/or deleting a line segment from the first feature if the segment
overlaps or partially overlaps a segment of the second feature (the two
segments are parallel and on the same line), and if the segment from the
first feature has an opposite direction from the segment of the second
feature. In another exemplary embodiment, at Step 150 the software may
also determine whether each calculated crossing point Pc can be
connected to another crossing point disposed on the combined feature
Fc. If any of the crossing points cannot be connected to form a
continuous combined feature, these crossing points will be deleted and

not used in forming the combined feature.
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In an additional exemplary embodiment, if the intersecting line segments
of overlapping feature boundaries are neither parallel nor collinear, the
software may calculate only a single vector cross product in determining
the combined feature boundary. In such an embodiment, the software
may pick a first crossing point from a sorted list of crossing points and
may determine an outward path from the crossing point using the sign of
a vector cross product as described above. Once this first cross product
is calculated and the combined feature boundary path outward from the
first crossing point is determined, the software may continue along the
path until the second crossing point is reached. Because the combined
feature boundary path inward to the second sorted crossing point (i.e.,
the outward path from the first crossing point) is known, the software
may choose the outward path from the second crossing point by simply
picking the path defined by the other of the two overlapping features (i.e.,
the feature not defining the combined feature boundary path inward to
the second crossing point). The software may pick this outward path in
the direction of the line segment end point having the greater parametric
coordinate value or in the same direction (clockwise or counterclockwise).
The software may repeat this process until the first crossing point is
again reached. In such an exemplary embodiment, the system need not
calculate a cross product at each newly encountered crossing point once
the first cross product has been calculated. This method applies if the

software starts at an arbitrary point on one of the overlapping feature
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boundaries and the software does not know whether the point is on the

combined feature boundary.

If, however, the software knows that the starting point is on the combined
feature boundary, the software need not calculate any cross products. In
such an exemplary embodiment, the software may instead traverse the
first feature in a first direction (clockwise or counterclockwise), switch
features, and continue along the second feature in the first direction.
This process may be repeated until the first crossing point is again
reached. As discussed above, this streamlined process may be useful if
the intersecting line segments of the overlapping feature boundaries are

neither parallel nor collinear.

As shown in Fig 9a, in Step 152, the software may determine a next
crossing points (Pn+1) located on the outward path determined at Step
151. To make this determination, the software may use the sorted
indices of the parametric coordinates discussed above with respect to
Steps 144 and 146. For example, the sorted indices of parametric
coordinates illustrated in Table 1 could be used to locate and/or
otherwise determine the next crossing point Pn+1 on an outward path
defined by either Feature #1 or Feature #2. With the initial crossing point
Pcn and the outward path now determined, the system may add the
crossing point Pcn, each of the line segments, and each of the

corresponding line segment end points included along the outward path
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between crossing points Pcn and next crossing points Pn+1, in order, to

the boundary of the combined feature Fc (Step 154).

The software may then determine whether the next crossing point Pn+1
is equal to the reference point Pref selected at Step 148 (Step 156). If the
next crossing point Pn+1 is different than the reference Pref, the system
may select the next crossing point Pn+1 as a new unevaluated crossing
point Pcn (Step 158), and the system may proceed to Step 150 after
making such determination. On the other hand, if the system determines
that the next crossing point Pn+1 is the same as the reference point Pref
set at Step 148, the system may conclude that a new combined feature Fc
has been created and that all points along the boundary of the combined
feature Fc have been accounted for. Upon making such a determination,
the software may label all of the registered crossing points of the
combined feature Fc with a unique feature identifier (Step 160). All
crossing points on the combined feature Fc may be given the same
identifier, as illustrated by the identifiers shown in column 5 of Table 2.
Such identifiers may be, for example, alpha-numeric in nature and may

be useful in distinguishing between combined features.

As part of Step 160, each group of points can also be validated to
determine whether the group forms an enclosed feature (i.e., if the head
cross point connects to the tail cross point for the group). If the group of
points cannot be linked from head to tail (or tail to head), then the group

does not constitute a valid feature. If the group of points does constitute
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a valid feature, a further examination of the overall linking direction of
the points in the feature may reveal if the feature is a simple feature or a
hole, and this examination will be described in greater detail below. As a
result of the aforementioned method of combining features, the boundary
of a valid combined feature is a closed path that will not cross itself or

other valid features.

Once the software has determined that a valid combined feature Fc has
been formed, and all of the crossing points along the combined feature
boundary have been appropriately labeled with a feature identifier, the
system may convert at least a portion of the boundary of the combined
feature Fc into unit-based real world coordinates (Step 162). In an
exemplary embodiment, the system may convert at least a portion of the
crossing points and line segments located on the boundary of the
combined feature Fc into real world coordinates. As discussed above, the
real world coordinates may be, for example, millimeters, inches, or any

other known unit of length and with double precision or better.

The system may use the real world coordinates to determine whether the
item being analyzed is within a desired tolerance range (Step 164). As
discussed above, the methods disclosed herein may be used to examine
items being manufactured or produced, and may assist in rejecting items
that are out of tolerance and/or otherwise unacceptable. As shown in
Step 166, if the item being analyzed is not within a pre-determined

tolerance range, the system may send a signal to an operator, a central
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processor, or other controller to reject the item being analyzed. Such a
signal may cause the item to be taken out of the queue for further
analysis or further machining. If the item is within tolerance, and even if
a reject signal is sent, the system may determine whether or not the
combined feature Fc is a simple feature or a hole feature (Step 168). Itis
understood that when two features cross each other with only two
crossing points Pc, the resulting combined feature Fc may only be a
simple feature. However, when two features cross each other with more
than two crossing points, the resulting combined feature Fc can be a
simple feature, including one more hole features disposed therein. As
discussed above, the hole features can be discovered by checking the
mathematical sign of the area of the combined feature. This computation

may be made as a part of Step 168.

In an exemplary embodiment, the area A of each combined feature can be

computed by using the following mathematical equation:

¥)

i+l

A=Y (XY, - X

where (Xi, Yi) are the coordinates of ith point on the feature, and i is the
index of the points in the feature. The index also indicates the linking
sequence of points on the combined feature. The mathematical sign
(positive or negative) of the area A computed from the above equation
yields a reliable indication as to whether the points on the feature are

clockwise linked or counterclockwise linked. If the area A for a combined
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feature computed from the above equation is negative, then the points on
the corresponding feature are linked clockwise, i.e., the combined feature
is a simple feature. If the area A for a combined feature computed from
the above equation is positive, then the points on the corresponding
feature are linked counterclockwise, i.e., the feature is actually a hole.
Hence, the software can determine whether a feature is a simple feature

or a hole automatically with simple computation.

To determine if a hole feature is inside of a combined feature Fc, a
straight ray can be drawn from any point on the hole feature to infinity. If
the line crosses the combined feature Fc an odd number of times, the
hole feature is within the feature Fc. If the line crosses the combined
feature Fc by an even number of times, the hole feature is not within the
feature Fc. The software can also determine if a simple feature is within a
hole feature using the same method. In addition, upon determining the
presence of a hole feature within a simple feature, the software may label
the parent simple feature and the child hole feature using any know
nomenclature. This parent/child determination and the corresponding

relationship labeling may take place at Step 170.

After Step 170, or if the software determines that the combined feature
Fc is not a hole, the software may add the combined feature Fc to the
combined feature list (Step 172). Such a combined feature list was
discussed above with respect to Step 112. Moreover, it is understood

that the combination of two exemplary features (F1 and F2) may result in
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multiple combined features Fc. Thus, even though a complete and valid
combined feature Fc has been added to the combined feature list at Step
172, additional crossing points not disposed on the combined feature
may have been calculated at Step 142 and registered at Step 143. Such
additional crossing points may be located on, for example, one or more
holes formed by the combined feature Fc. Accordingly, the system may
determine whether all the crossing points registered at Step 143 have
been evaluated (Step 174). If any registered crossing points have not yet
been evaluated, the system may select one of the unevaluated crossing
points as a new crossing point Pcn, and may return to Step 148 where the

reference point Pref will be reset (Step 176).

If, however, all the registered crossing points have been evaluated, the
software may delete the feature F1 from the first list of features and may
also delete the feature F2 from the second list of features (Step 178). The
software may then determine whether or not the combined feature Fc
overlaps any features on either the first list obtained in Step 102 or on
the second list obtained at Step 106 (Step 180). To make this
determination, the software may employ processes similar to those
explained above with respect to Step 110. If the software determines that
the combined feature Fc does not overlap any features on either the first
or the second list, the software may proceed to Step 110 (Step 184).
Upon returning to Step 110, the software may continue its determination

of whether any features of the first and second list of features overlap. If,
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on the other hand, the software determines that the combined feature Fc
does overlap any features on the first or second lists, the software may
select the combined feature Fc as a new feature F1, and the software may
select the overlapping feature in question as a new feature F2 (Step 182).
The software may then proceed to Step 118 where segments of each

respective feature will be selected for a crossing determination.

Although the exemplary methods of the present disclosure have generally
been discussed with respect to the Features 1 and 2 illustrated in Fig. 3
(crossing at only two points), it is understood that the same methods can
be applied to two features crossing each other at multiple crossing points
such as, for example, the alternative exemplary Features 1 and 2
illustrated in Fig. 7. It is also understood that the system may convert
points on the perimeter of the combined feature Fc from parametric
coordinates to real world unit-based coordinates at any time during the
process discussed above. As discussed with respect to Step 162, the
system may use these real world unit-based coordinates to determine
whether a dimension of the combined feature and/or the examined part
is within a predetermined tolerance range. The system may reject the

examined part based on this determination.

Other embodiments will be apparent to those skilled in the art from
consideration of this specification. For example, additional embodiments
may utilize known filtering or point reduction techniques to smooth

feature images and/or otherwise reduce the number of points included in
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the feature images. It is intended that the specification and examples be
considered as exemplary only, with the true scope of the invention being

indicated by the following claims.
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CLAIMS

What is claimed is:

1. A method of forming a combined feature boundary based on

boundaries of first and second overlapping features, comprising:

5 dividing the boundaries of the first and second overlapping

features into line segments of known shape;

identifying crossing points formed by the line segments;

calculating parametric coordinates of the crossing points and
determining a sequence of crossing point evaluation based on the

10 parametric coordinates;

calculating a first cross product based on the line segments

forming a first crossing point in the determined sequence;

choosing a first path of the combined feature boundary
according to the a mathematical sign of the first cross product, the first
15 path extending from the first crossing point to the second crossing point

in the determined sequence;

calculating a second cross product based on the line

segments forming a second crossing point in the sequence;

choosing a second path of the combined feature boundary

20 extending from the second crossing point according to a mathematical

48



10

15

WO 2010/050996 PCT/US2008/086309

sign of the second cross product, wherein the combined feature boundary
includes the first and second crossing points and portions of at least one
of the first and second feature boundaries defining the first and second

paths.

2. The method of claim 1, further including;

identifying a point adjacent to the first crossing point on the

first feature boundary,

identifying a point adjacent to the first crossing point on the

second feature boundary, and

choosing one of the point on the first feature boundary and
the point on the second feature boundary as an intermediate point on the

combined feature boundary.

3. The method of claim 1, further including labeling the first
and second crossing points with an identifier indicative of the combined

feature boundary.

4. The method of claim 1, further including sorting the first and
second crossing points according to an order in which the crossing points
appear on one of the first and second feature boundaries in a first

direction.
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5. The method of claim 4, further including labeling the first
and second crossing points with indices indicative of the order in which
the crossing points appear on the one of the first and second feature

boundaries.

6. The method of claim 1, further including calculating an area
defined by the combined feature boundary and classifying the combined
feature boundary as either a simple feature or a hole feature based on a

mathematical sign of the calculated area.

7. The method of claim 1, further including converting endpoint
coordinates of the line segments to parametric coordinates and
determining which line segments to include on the combined feature
boundary based on the parametric coordinates of the line segment end

points.

8. The method of claim 1, further including determining
whether the combined feature boundary overlaps with a third feature

boundary.

9. The method of claim 1, further including determining
whether the first and second feature boundaries form crossing points not

included on the combined feature boundary.

10. The method of claim 1, wherein the line segments are

straight line segments.
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11.  The method of claim 1, further including forming a combined

feature list including the combined feature boundary.

12. A method of forming a combined feature boundary based on

boundaries of first and second overlapping features, comprising:

5 calculating parametric coordinates of a plurality of crossing
points, wherein the plurality of crossing points are formed by

intersections of the first and second feature boundaries;

organizing the plurality of crossing points into a sorted order

based on their respective parametric coordinates;

10 determining a mathematical sign of a cross product formed

by the intersections at each crossing point;

defining a path of the combined feature boundary between
each of the plurality of crossing points based on the mathematical sign,
the combined feature boundary comprising each of the plurality of
15 crossing points arranged according to the sorted order and a portion of at

least one of the first and second feature boundaries;

calculating an area defined by the combined feature

boundary; and

determining a feature type associated with the combined

20 feature boundary based on a mathematical sign of the calculated area.
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13.  The method of claim 12, further including displaying a

portion of the combined feature boundary.

14. The method of claim 12, wherein the first and second feature

boundaries comprise toleranced portions of a manufactured part.

5 15.  The method of claim 12, further including assigning a first
order index to each crossing point of the plurality of crossing points
corresponding to a location of the respective crossing point on the first

feature boundary.

16. The method of claim 15, further including assigning a second
10 order index to each crossing point of the plurality of crossing points
corresponding to a location of respective crossing point on the second

feature boundary.

17. The method of claim 16, further including assigning an
identifier to each crossing point of the plurality of crossing points
15 distinguishing the combined feature boundary from other combined

feature boundaries.

18. The method of claim 12, wherein the feature type is one of a

simple feature and a hole feature

19. The method of claim 12, further including determining

20 whether a hole feature is within a simple feature.
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20. The method of claim 12, further including converting a

portion of the combined feature boundary into unit-based coordinates.

21. The method of claim 20, further including determining
whether a dimension of the combined feature boundary is within a

5 predetermined tolerance range based on the unit-based coordinates.

22. The method of claim 21, further including rejecting a

manufactured part based on the determination.

23. A method of forming a combined feature list, comprising:

obtaining first and second lists of features;

10 identifying a plurality of crossing points formed by
boundaries of features in the first list overlapping with boundaries of

features in the second list;

calculating parametric coordinates of each identified crossing

point;

15 sorting each of the crossing points according to their
respective parametric coordinates and forming a plurality of combined

feature boundaries using the sorted crossing points;

adding each of the combined feature boundaries to the

combined feature list; and
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removing each feature forming the plurality of combined

feature boundaries from the first and second lists.

24. The method of claim 23, further including determining
whether the combined feature boundaries overlap any features on the

5 first and second lists.

25. A method of forming a combined feature boundary based on

first and second overlapping feature boundaries, comprising:

creating an ordered list of crossing points formed by the

overlapping feature boundaries;

10 forming a first portion of the combined feature boundary
extending along the first feature boundary in a first direction and

terminating at a first crossing point in the ordered crossing point list;

selecting the second feature boundary; and

forming a second portion of the combined feature boundary
15 connected to the first portion, the second portion extending along the
second feature boundary in the first direction and terminating at a second

crossing point of the ordered list.
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26. The method of claim 25, further including forming a
remainder of the combined feature boundary connected to the second
portion at the second crossing point, the remainder extending along the
first feature boundary in the first direction and terminating at a starting

5 point of the first portion.

27. The method of claim 25, wherein the ordered list of crossing

points is created based on parametric coordinates of each crossing point.

28. The method of claim 25, further including selecting the
second feature boundary based on a mathematical sign of a calculated

10  cross product.
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