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A machine vision method analyzes a cali-
bration target of the type having two or more re-
gions, each having a "imageable characteristic",
e.g., a different color, contrast, or brightness,
from its neighboring region(s). Each region has
at least two edges — referred to as "adjoining
edges" — that are linear and that are directed to-
ward and, optionally meet at, a reference point
(e.g., the center of the target or some other lo-
cation of interest). The method includes gener-
ating an image of the target, identifying in the
image features corresponding to the adjoining
edges, fitting lines to those edges, and determin-
ing the orientation and/or position of the target
from those lines.
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WO 98/18117

MACHINE VISION CALIBRATION TARGETS AND METHODS
OF DETERMINING THEIR LOCATION AND ORIENTATION IN AN IMAGE

Reservation of Copyright

The disclosure of this patent document contains material which is subject to
copyright protection. The owner thereof has no objection to facsimile reproduction by
anyone of the patent document or the patent disclosure, as it appears in the U.S. Patent and

Trademark Office patent file or records, but otherwise reserves all copyright rights

whatsoever.
Background of the Invention

The invention pertains to machine vision and, more particularly, to calibration

targets and methods for determining their location and orientation in an image.

Machine vision refers to the automated analysis of an image to determine
characteristics of objects and other features shown in the image. It is often employed in
automated manufacturing lines, where images of components are analyzed to determine
placement and alignment prior to assembly. Machine vision is also used for quality
assurance. For example, in the pharmaceutical and food packing industries, images of
packages are analyzed to insure that product labels, lot numbers, "freshness" dates, and the

like, are properly positioned and legible.

In many machine vision applications, it is essential that an object whose image is
to be analyzed include a calibration target. Often a cross-shaped symbol, the target
facilitates determining the orientation and position of the object with respect to other
features in the image. It also facilitates correlating coordinate positions in the image with
those in the "real world," e.g., coordinate positions of a motion stage or conveyor belt on
which the object is placed. A calibration target can also be used to facilitate determining

the position and orientation of the camera with respect to the real world, as well as to
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facilitate determining the camera and lens parameters such as pixel size and lens

distortion.

In addition to cross-shaped marks, the prior art suggests the use of arrays of dots,
bulls-eyes of concentric circles, and parallel stripes as calibration targets. Many of these
targets have characteristics that make difficult finding their centers and orientations. This
typically results from lack of clarity when the targets and, particularly, their borders are
imaged. It also results from discrepancies in conventional machine vision techniques used
to analyze such images. For example, the edges of a cross-shaped target may be
imprecisely defined in an image, leading a machine vision analysis system to wrongly
interpret the location of those edges and, hence, to misjudge the mark's center by a fraction
of a pixel or more. By way of further example, a localized defect in a camera lens may
cause a circular calibration mark to appear as an oval, thereby, causing the system to

misjudge the image's true aspect ratio.

In addition to the foregoing, many of the prior art calibration targets are useful
only at a limited range of magnifications. Parallel stripes, for example, do not provide
sufficient calibration information unless many of them appear in an image. To
accommodate this, a machine vision system must utilize lower magnification. However,
as the magnification decreases, so does the ability of the machine vision equipment to
distinguish between individual stripes. Similar drawbacks limit the usefulness of the other

prior art calibration targets for use in all but a narrow range of magnifications.

Though the art suggests the use of checkerboard patterns as alignment marks, the
manner in which images of those marks are analyzed by conventional machine systems
also limits their utility to a limited range of magnifications. Particularly, prior art systems
obtain alignment information from checkerboard marks by identifying and checking their
corners, e.g., the eight black (or white) corners in a black-and-white image. By relying on
corners, the systems necessitate that images show entire checkerboards, yet, with

sufficient resolution to insure accurate detection and analysis.

SUBSTITUTE SHEET (RULE 26)



10

WO 98/18117 PCT/US97/18268

An object of this invention is to provide an improved calibration targets ana

methods for machine vision analysis thereof.

A related object is to provide calibration targets and analysis methods reliable at a

wide range of magnifications.

A further object is to provide such methods as can be readily implemented on
conventional digital data processors or other conventional machine vision analysis
equipment.

Yet still another object of the invention is to provide such methods that can rapidly

analyze images of calibration target without undue consumption of resources.
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Summary of the Invention

The foregoing objects are among those attained by the invention, which provides
in one aspect a machine vision method for analysis of a calibration target of the type
having two or more regions, each having a different "imageable characteristic" (e.g., a
different color, contrast, or brightness) from its neighboring region(s). Each region has at
least two edges -- referred to as "adjoining edges" -- that are linear and that are directed
toward and, optionally meet at, a reference point (e.g., the center of the target or some
other location of interest). The method includes generating an image of the target,
identifying in the image features corresﬁonding to the adjoining edges, and determining

the orientation and/or position of the target from those edges.

In another aspect, the invention provides a method as described above for
analyzing a target of the type that includes four regions, where the adjoining edges of
each region are perpendicular to one another, and in which each region in the target has a
different imageable characteristic from its edge-wise neighbor. The edges of those regions
can meet, for example, at the center of the target, as in the case of a four-square

checkerboard.

In yet another aspect, the invention provides a method as described above for
determining an orientation of the target as a function of the angle of the edges identified in
the image and for determining the location of the reference point as an intersection of lines
fitted to those edges. In regard to the former, the invention provides a method of
determining the orientation of a target in an image by applying a Sobel edge tool to the
image to generate a Sobel angle image, and by generating a angle histogram from that
angle image. In an alternate embodiment, the orientation is determined by applying a
Hough line tool to the image and determining the predominant angle of the edges

identified by that tool.
In regard to the location of the reference point, one aspect of the invention calls for

locating the adjoining edges by applying a caliper vision tool to the image, beginning at an

approximate location of the reference point. That approximate location of the reference
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point can itself be determined by applying a Hough line vision tool to the image 1n order
to find lines approximating the adjoining edges and by determining an intersection of
those lines. Alternatively, the approximate location of the reference point can be
determined by performing a binary or grey scale correlation to find where a template

representing the edges most closely matches the image.

In another alternate embodiment, the approximate location of the reference point is
determined by applying a projection vision tool to the image along each of the axes with
which the adjoining edges align. A first difference operator vision tool and a peak
detector vision tool are applied to the output of the projection tool (i.e., to the projection)

in order to find the approximate location of the edges.

The invention has wide application in industry and research applications. It
facilitates the calibration of images by permitting accurate determination of target location
and orientation, regardless of magnification. Thus, for example, an object bearing a target
can be imaged by multiple cameras during the assembly process, with accurate

determinations of location and orientation made from each such image.

These and other aspects of the invention are evident in the drawings and in the

description that follows.
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Brief Description of the Drawings

A more complete understanding of the invention may be attained by reference to

the drawings, in which:
Figure 1A - 1C depict calibration targets according to the invention;
Figure 1D depicts the effect of rotation on the target depicted Figure 1B;

Figure 2 depicts an object according to the invention incorporating a calibration

target of the type depicted in Figure 1B;

Figure 3 depicts a machine vision system according to the invention for

determining the reference point and orientation of a calibration target;

Figures 4 and 5 depict a method according to the invention for interpreting an

image of a calibration target to determine a reference point and orientation thereof: and

Figure 6 illustrates the magnification invariance of a target according to the

invention.
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Detailed Description of the Illustrated Embodiment

Figures 1A - 1C depict calibration targets according to the invention. Referring to
Figure 1A, there is shown a target 10 according to the invention having three regions 12,
14, 16. Each region is bounded by at least two linear edges that are oriented toward a
reference location or reference point 18 on the target. Thus, for example, region 12 is
bounded by edges 20, 24; region 14 is bounded by edges 20, 22; and region 16 is bounded
by edges 22, 24. As evident in the drawings, the edges are shared by adjoining regions
and, hence, are referred to below as "adjoining edges." Thus, region 12 shares edge 20
with region 14; region 14 shares edge 22 with region 16; and region 16 shares edge 24
with region 12. In the illustration, the reference point 14 is at the center of target 10,
though, those skilled in the art will appreciate that the reference point can be positioned

elsewhere.

Each of the regions has a different imageable characteristic from its neighboring
regions. As used herein, an "imageable characteristic" is a characteristic of a region as
imaged by a machine vision system (e.g., of the type shown in Figure 3) and, particularly,
as imaged by an image capture device used by such a system. For example, in the
illustration, region 12 has the characteristic of being colored black; region 14, white; and
region 16, gray. In addition to color, imageable characteristics useful with conventional
machine vision systems -- which typically utilize image capture devices operational in

visual spectrum -- include contrast, brightness, and stippling.

Those skilled in the art will appreciate that any other characteristics by which a
region may be identified and distinguished in an image are suitable for practice of the
invention. Thus, for example, for a machine vision system that utilizes a temperature-
sensitive (or infrared) image capture device, an imageable characteristic is temperature.
By way of further example, for a machine vision system that utilizes a nuclear decay
radiation-sensitive image capture device, an imageable characteristic is emitted radiation

intensity or frequency.
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As shown in the illustration, the adjoining edges 20, 22, 24 comprise straight linear
segments. Those edges are implicitly defined as the borders between regions that,
themselves, have different imageable characteristics. Thus, for example, edge 20 is a
straight linear segment defined by the border between black region 12 and white region
14. Likewise, edge 24 is defined by the border between black region 12 and gray region
16. Further, edge 22 is defined by the border between white region 14 and grey region 16.

Figure 1B depicts a calibration target 30 according to the invention having four
rectangular (and, more particularly, square) regions 32, 34, 36, 38. As above, each region
1s bounded by at least two linear edges that are oriented toward a reference point 40 at the
center of the target. Thus, for example, region 32 is bounded by edges 42, 44; region 34 is
bounded by edges 42, 46; and so forth. As above, these edges are shared by adjoining
regions. Thus, region 32 shares edge 42 with region 34, and so forth. Each region in
target 30 has a different imageable characteristic from its edge-wise neighbor. Hence,

regions 32 and 36 are white, while their edge-wise adjoining neighbors 34, 38 are black.

Figure 1C depicts a calibration target 50 according to the invention having five
regions 52, 54, 56, 58, 60, each having two linear edges directed toward a reference point
62. The adjoining regions are of differing contrast, thereby, defining edges at their
common borders, as illustrated. Although the edges separating the regions 52 - 60 of
target 50 are directed toward the reference point 62, they do not meet at that location. As
evident in Figure 1C, no marker or other element imageable characteristic is provided at

reference point 62.

Those skilled in the art will appreciate that, in addition to the calibration targets
shown in Figures 1A - 1C, targets with still more regions (or as few as two regions) and
shapes, otherwise in accord with the teachings hereof; fall within the scope of the
invention. Moreover, it will be appreciated that targets may be of any size and that their
regions need not be of uniform size. Still further, it will be appreciated that the outer

borders of the targets need not be linear and may, indeed, take on any shape.
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Figure 2 depicts an object according to the invention for use in machune vision
imaging, detection, and/or manipulation having a calibration target according to the
invention coupled thereto. In the illustration, the object is an integrated circuit chip 70
having coupled to the casing thereof a calibration target 72 of the type shown in Figure
1B. Other targets according to the invention, of course, can likewise be coupled to the
object 70. The targets can be coupled to the object by any known means. For example,
they can be molded onto, etched into, or printed on the surface of the object. By way of
further example, decals embodying the targets can be glued, screwed or otherwise affixed
to the object. Moreover, by way of still further example, calibration plates incorporating
the targets can be placed on the object and held in place by friction. In addition to
integrated circuit chips, the object can include any other objects to which a target can be
coupled, such as printed circuit boards, electrical components, mechanical parts,

containers, bottles, automotive parts, paper goods, etc.

Figure 3 depicts a machine vision system 80 according to the invention for
determining the reference point and orientation of an object 82 having coupled thereto a
calibration target 84 according to the invention and, particularly, a four-region target of
the type shown in Figure 1B. The system 80 includes an image capture device 86 that
generates an image of a scene including object 82. Although the device may be
responsive to the visual spectrum, e.g., a conventional video camera or scanner, it may
also be responsive to emissions (or reflections) in other spectra, e.g., infrared, gamma-ray,
etc. Digital image data (or pixels) generated by the capturing device 86 represent, in the
conventional manner, the image intensity (e.g., contrast, color, brightness) of each point in

the field of view of the capturing device.

That digital image data is transmitted from capturing device 86 via a
communications path 88 to an image analysis system 90. This can be a conventional
digital data processor, or a vision processing system of the type commercially available
from the assignee hereof, Cognex Corporation, as programmed in accord with the
teachings hereof to determine the reference point and orientation of a target image. The

image analysis system 90 may have one or more central processing units 92, main memory
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94, input-output system 96, and disk drive (or other mass storage device) 9%, all ot the

conventional type.

The system 90 and, more particularly, central processing unit 92, is configured by
programming instructions according to teachings hereof for operation as illustrated in
Figure 4 and described below. Those skilled in the art will appreciate that, in addition to
implementation on a programmable digital data processor, the methods and apparatus

taught herein can be implemented in special purpose hardware.

Referring to Figure 4 there is shown a machine methodology according to the
invention for interpreting an image of a target 84 to determine its reference point and
orientation. The discussion that follows is particularly directed to identifying a four-
region target of the type shown in Figure 1B. Those skilled in the art will appreciate that
these teachings can be readily applied to finding targets according to the invention, as well
as to other targets having detectable linear edges that are oriented toward a reference
location or reference point on the target, e.g., a prior art cross-shaped target. For
convenience, in the discussion that follows, such linear edges are referred to as "adjoining
edges," regardless of whether they are from calibration targets according to the invention

or from prior art calibration targets.

In step 100, an image of the target 84 (or of the target 84 and object 82) is
generated, e.g., using image capture device 86, and input for machine vision analysis as
discussed below. The image can be generated real time, retrieved from a storage device

(such as storage device 98), or received from any other source.

In steps 102 - 108, the method estimates the orientation of the target in the image
using any of many alternative strategies. For example, as shown in step 102, the method
determines the orientation by applying a conventional Hough line vision tool that finds the
angle of edges discernable in the image. In instances where the target occupies the entire
image, those lines will necessarily correspond to the adjoining edges. Where, on the other
hand, the target occupies only a portion of the image, extraneous edges (e.g., from other

targets) may be evident in the output of that tool. Although those extraneous edges can

10
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generally be ignored, in instances where they skew the results, the image can be
windowed so that the Hough vision tool is only applied to that portion that contains the
target. Once the angles of the lines has been determined by the Hough line tool, the
orientation of the image is determined from the predominant ones of those angles.
Alternatively, the angle of the image can be determined by taking a histogram of the

angles.

The Hough vision tool used in step 102 may be of the conventional type known
and commercially available for finding the angle of lines in image. A preferred such tool
is the Cognex Line Finder, commercially available from the Assignee hereof, Cognex

Corporation.

An alternative to using a Hough vision tool is shown in step 106. There, the
illustrated method determines the orientation of the target by applying a Sobel edge tool to
the image to find the adjoining edges. Particularly, that tool generates a Sobel angle
image that reveals the direction of edges in the image. As above, where the target
occupies the entire image, the adjoining edges will be the only ones discerned by the
Sobel edge tool image. Where, on the other hand, the target occupies only a portion of the

image, any extraneous edges can be ignored or windowed out.

The Sobel edge tool may be of the conventional type known and commercially
available for finding lines in image. A preferred such tool is the Cognex Edge Detection

tool, commercially available from the Assignee hereof, Cognex Corporation.

Once the Sobel angle image is generated, in step 106, the orientation of the target
in the image is determined by generating a histogram of the edge angle information; see,
step 108. From that histogram, the target orientation can be determined by taking a one-
dimensional correlation of that histogram with respect to a template histogram of a target
oniented at 0°. Where a Sobel magnitude image is generated, in addition to the Sobel
angle image, such a histogram can be generated by counting the number of edges greater

then a threshold length at each orientation.

11
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As a still further alternative to applying a Hough vision tool or Sobel edge tool, the
method contemplates obtaining the angle of orientation of the target from the user (or
operator). To this end, the user may enter angle orientation information via a keyboard or

other input device coupled with digital data processor 90.

In steps 110 - 118, the method determines the location, i.e., coordinates, of the
target reference point in the image. Particularly, in step 110, the method can apply a
Hough vision tool, as described above, to find the angle of lines discernable in the image.
A conventional Hough vision tool determines, in addition to the angle of lines in an image,
the distance of each line, e.g., from a central pixel. As above, where the target occupies
the entire image, those lines will be the only ones discernable by the Sobel edge tool
image. Where, on the other hand, the target occupies only a portion of the image, any

extraneous edges can be ignored or windowed out.

As above, the Hough vision tool used in step 104 may be of the conventional type
known and commercially available for finding the angle and position of lines in image.
Once again, a preferred such tool is the Cognex Line Finder, commercially available from
the Assignee hereof, Cognex Corporation. Those skilled in the art will, of course,
appreciate that steps 102 and 110 can be combined, such that a single application of the
Hough vision tool provides sufficient information from which to determine both the

orientation of the target in the image and its reference point.

As an alternative to using a Hough vision tool, the method can apply a projection
vision tool to the image in order to find the position of the lines discernable in the image;
see, step 112. The projection tool, which maps the two-dimensional image of the target
into a one-dimensional image, is applied along the axes defined by the edges in the image.
As those skilled in the art will appreciate, the location of the edges can be discerned from
by finding the peaks in the first derivatives of each of those projections. As above, where
the target occupies the entire image, those lines will be the only lines discernable by the
Sobel edge tool image. Where, on the other hand, the target occupies only a portion of the

image, any extraneous edges can be ignored or windowed out.

12
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The projection vision tool used in step 112 may be of the conventional type known
and commercially available for mapping a two-dimensional image of the target into a one-
dimensional image. A preferred such tool is that provided with the Cognex Caliper tool

commercially available from the Assignee hereof, Cognex Corporation.

In step 114, the method uses the information generated in steps 110 and 112 to
compute the location of the reference point, particularly, as the intersection of the lines

found in those steps 110 and 112.

As an alternative to using the Hough vision tool and the projection tool, the
method can apply determine the location of the reference point by performing a binary or
grey scale correlation on the image; see step 116. To this end, the method uses, as a
template, a pattern matching the expected arrangement of the sought-after edges, to wit, a
cross-shaped pattern in the case of a target of the type shown in Figure 1B. The use of
correlation vision tools for this purpose is well known in the art. The template for such an
operation is preferably generated artificially, although it can be generated from prior

images of similar targets.

As still another alternate to the Hough vision tool and the projection tool, the
method can apply a grey-scale image registration using the sum of absolute differences
metric between the image and a template; see step 118. To this end, the method uses, as a
template, a pattern matching the expected arrangement of the sought-after edges, to wit, a
cross-shaped pattern in the case of a target of the type shown in Figure 1B. The template
for such an operation is preferably generated artificially, although it can be generated from
prior images of similar targets. A preferred grey-scale image registration tool is disclosed
in United States Patent No. 5,548,326, the teachings of which are incorporated herein by

reference.

Although steps 110 - 118 can be used to determine the approximate location of the
reference point of the target in the image, the method utilizes optional steps 120 and 122
to refine that estimate. These two steps are invoked one or more times (if at all) in order

make that refinement.

13
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In step 120, the method applies a conventional caliper vision tool to tind points 1n
the image that define the adjoining edges of the regions. On the first invocation of step
120, the method applies calipers along fifty points along each edge (though those skilled
in the art will appreciate that other numbers of points can be used), beginning with points
closest to the estimate of the reference point, as discerned in steps 110 - 118. The calipers
are preferably applied a small distance away from the actual estimate of the reference
point to avoid skewing the analysis due to possible misprinting of the target at that point, a
missing pattern at that point (e.g., Figure 1C), or a too-high spatial frequency at that point
(e.g., Figure 1B). Instep 120, the method then fits a line to the points found along each

edge by the caliper tool, preferably, using a conventional least squares technique.

In step 122, the method computes a refined location of the reference point as the
intersection of the lines identified in step 120. Although conventional geometric
calculations can be performed for this purpose, preferably, the reference point is computed
using conventional least squares techniques. Preferably, when examining the image of a
symmetric calibration target of the type shown in Figure 1B, the method utilizes the same
number of points on either side of (and closest to) the reference point for purposes of
fitting each line. This minimizes the bias otherwise introduced by a conventional edge

detection technique in finding edges that are defined only by dark-to-light (or light-to-

dark) transitions.

Calibration targets of the type shown in Figure 1B are advantageously processed
by a method according to the invention insofar as they further minimize bias otherwise
introduced by a conventional edge detection techniques. In this regard, it will be
appreciated that such bias is reduced by the fact that "opposing" adjoining edges (i.e.,
edges that oppose one another across the reference point) define straight linear segments
that change polarity across the reference point. That is, those segments are defined by
regions that transition -- preferably, equally in magnitude -- from light-to-dark one one
side of the reference point, and from dark-to-light on the other side. This is true for all
"symmetric" calibration targets according to the invention, i.e., targets in which opposing

edges define straight linear segments that are opposite polarity on either side of the

reference point.

14
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On the second and subsequent invocations of step 120, the method specitically
applies the caliper tool at points along the lines found in the previous iteration.
Preferably, these points are at every pixel in the image that lies along the line, though,
those skilled in the art will appreciate that few points can be used. The calipers can be
applied orthogonal to the lines, though, in the preferred embodiment, they are applied
along the grid defined by the image pixels. The caliper range decreases with each
subsequent invocation of step 120. The method continues applying the calipers, beginning
at the estimated center point until one of the four following situations occurs: no edge is
found by the caliper applied at the sample point; more than one edge is found by the
caliper and the highest scoring edge is less than twice the score of the second highest
scoring edge (this 2X comes from the CONFUSION_ THRESHOLD); the distance
between a computed edge point and the nominal line (computed from the previous
invocation of step 120) is larger than a threshold (which threshold decreases with each
subsequent invocation of step 120); or, the caliper extends outside of the image. As
above, in step 120, the method then fits a line to the points found along each edge by the

caliper tool, preferably, using a conventional least squares technique.

In the second and subsequent invocations of step 122, the method computes a
refined location of the reference point as the intersection of the lines identified in step 120.
As above, although conventional geometric calculations can be performed for this

purpose, preferably, the reference point is computed using conventional least squares

techniques.

Referring to Figure 5, there is also shown a machine methodology according to the
invention for interpreting an image of a target 84 to determine its reference point and
orientation. Particularly, in step 150, the method calls for generating an image of a target
84 and, particularly, of a target according to the invention having two or more regions,
each region being defined by at least two linear edges that are directed toward a reference
point, and having at least one of the regions having a different imageable characteristic
from an adjacent region. Step 152 can be effected in the manner described in connection

with step 100 of Figure 4, or equivalents thereof.
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In step 152, the method analyzes the image to generate an estimate of an
orientation of the target in the image. Step 152 can be effected in the manner described in

connection with steps 102 - 108 of Figure 4, or equivalents thereof.

In step 154, the method analyzes the image to generate estimate of a location of the
target's reference point. Step 154 can be effected in the manner described in connection

with steps 110 - 118 of Figure 4, or equivalents thereof.

In step 156, the method analyzes the image to refine its estimates of the location of
the reference point in the image and the orientation of the target in the image. Step 156

can be effected in the manner described in connection with steps 120 - 122 of Figure 4, or

equivalents thereof.

Calibration target and methods for analysis according to the invention are
advantageous over prior art targets and methods insofar as they are magnification
invariant. By analyzing the adjoining edges of targets, methods according to the invention
insure reliance on features (to wit, regions) that retain the same imageable appearance
regardless of magnification. This is in contrast to prior art targets and methods, which rely
on individual lines (or dots) to define calibrating features. As noted above, the imaging
appearances of such lines and dots change with varying degrees of magnification. Even
the prior art methods that analyze checkerboard targets rely on analysis of corners, which

are not magnification invariant.

The magnification invariance of targets and methods according to the present
invention is illustrated in Figures 6A - 6C. Referring to Figure 6A, there is shown an
imaging setup wherein camera 200 images a target 202 (on object 204) from a height x.
An image generated by camera 200 is displayed on monitor 206 of workstation 208.
Referring to Figure 6B, there is shown an identical imaging setup, except insofar as a
camera (of identical magnification) images a target (of identical size) from a greater
height, x'. Likewise, Figure 6C shows an identical imaging setup, except insofar as a
camera (again, of identical magnification) images a target (again, of identical size) from a

still greater height, x". Comparing monitor images depicted in Figures 6A - 6C, it is seen
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that the images of the targets, generated by the cameras and displayed on the monitors, are
identical in appearance regardless of the relative heights (x, x', and x") of the camera. This
magnfication invariance results from the fact that the target has the same appearance
regardless of height (or equivalently, magnification), within specified limits thereof.

Those skilled in the art will appreciate that those limits are greater than the analagous

limits for prior art targets (e.g., cross hairs, parallel stripes, etc.).

Still another advantage of calibration targets and methods according to the
invention is that they permits angular orientation to be determined throughout a full 360°
range. With reference to Figure 1D, for example, the relative positions of the regions can

be used to determine the overall orientation of the target, i.e., whether it is rotated 0°, 90°,

180°, or 270°. This information can be combined with a determination of relative
orientation made by analysis of the adjoining edges as discussed above to determine the

precise position of the target.
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APPENDIX I

Patent Application for

MACHINE VISION CALIBRATION TARGETS AND METHODS
OF DETERMINING THEIR LOCATION AND ORIENTATION

Vision Tool Description

THE FOLLOWING APPENDIX IS NOT BELIEVED TO BE NECESSARY FOR
ENABLEMENT OR BEST MODE DISCLOSURE OF THE INVENTION DISCLOSED AND
CLAIMED IN THE ACCOMPANYING APPLICATION.
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Edge Detection Tool

This chapter describes the Edge Datection tool, which includes edge detection ana peak
detection.

Eage detsction takes an input Image and produces two output images: an image of the
adge magnitude of each input pixel and an image of the edge angle of each input pixel.
When combined with other Cognex software tools, the information produced by edge
detection can be used to locats objects within an image. Edge pixel information can be
used to detect the rotation of an object or defects such as scratches, cracks. ot particies.
You can also gauge how snarply an image !s tocuseq with edge pixel information.

Peak detectian is usetul in any application in which knowiedge of the iocal maximum valuee
in a two-dimenstonal space is useful. Peak delaction takes an input Image and produces
an output image containing only those pixels In the input image with higher values than
neighboring pixals. A typical input image to peak detection is an edge magnitude image;
the output image contains only the highest magnitude edge pixels. The edge detection
function can optionally use peak detection to postprocess the edge detection results so
that only the strongest eages remain.

This chapter has nine sections as follows:

An Overview of Edge Detection describes the goais of edge detection, defines an edge
pixel, and describes how the Edge Detection tool finds edge pixeis. This section also
axplains the two propenties of a pixel that are calculated by the Edge Detection tool. eage
magnitude and angls. and ends with a sample application.

Using Edge Detaction describes, in general terms, the Interface to the Edge Detection too!.
This section contains a2 qQiscussion of the compression tables that aftect the amount of
memory used by the edge detector.

Edqge Detection Enumerations and Data Struclures aescribes the data structures and
anumerations that the edge detection functions use. Types and data structures that
supporn peak detection are discussed in Peak Detection Enumeration Types and Data
Structures below.
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Edge Detaction Funcnions describes the functions that implement edge detection.

Maxmizing the Performance of VC2 Vision Coprocessor lists the edge detection parameter
semngs that you should avoia if you want to maximize the performance ot the VC2 vision
coprocessor during edge detection.

Overview of Peak Detection defines peak pixel and gives examples of some applications
of peak detection.

Using Peak Detaction describes the interface to peak detecton.

Peak Detecton Enumeration Types and Data Structures describes the peak detection
enumerauons and gata sTuctures.

Peak Detection Funclions describes the peak detection functions.

20
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Some Useful Definitions

edge pixel Pixel that has a different value from one or more of its
elgnt neighporing pixels.

edge detactor Oparator that finds edge pixels in an image.

compression tables Two tables that are created during adge detaction

initializanon: the edge compression table and the
magnitude compression table. These tables are used by
the Edge Detection tool 1o map data into a smaller range

ot values.
Sabel operators Two 3x3 operators that the Edge Detaction tool uses to
locate edga pixsis in an image.
horizontal edge Value returned by the horizontal Sobel operator when it is
component applied to a pixael in an image.

vertical edge component  Vaiue returned by the vertical Sobel operator when i1t is
applied to a pixel in an image.

edge magnitude Value that increases as the diftference in grey levels
between neighboring pixels increases.

edge angle Orientation of an edge, with respact to the x-axis of the
image, at an edge pixel. The Edge Detection tool defines
the angle of a pixel as arctan(v/h), where v is the vertical
edge component and h1a the horizontal edge component

of the pixel.

peak pixel Pixel with a value greater than or equal to some or all of
ita neighboring pixels’ values.

peak detection Finding some or all peak pixels in an image.

8-point nelghborhood Pixels tat are horizontally, vertically, and diagonally
adjacent to a pixel.

4-point nelghborhood Pixels that are horizontally and vertically adjacentto &
pixel.

2-point nelghborhaod Neighbors of a pixel along a single axis. Peak detection
supports a horizontal and a vertical 2-point neighborhood
operator.
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symmetric peak Peak whose pixel value 1s greater than or equal to the
values ot each of its neighbors.
asymmetric peak Peak whosse pixel value is greater than the values of its left

and lower neighbors and greater than or equali to the
values of Its right and upper neighbors,

all-axes peak Pixel that satisfles the peak dsfinition (symmetric or
asymmetric) along all axes in its neighborhood.

singie-axis peak Pixel that satsfies the peak definition (symmetyic or
asymmaetrio) along at least one axis in ita neighborhood.

plateau In peak detection, a region of contiguous pixels of the
same value.
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An Overview of Edge Detection

The Edge Detaction 100! finds edge pixels in an image. This overview of edge detection
ocontaing the following descriptions:

[ ]

Definition of the problem of eage detection
Overview of the tasks that the Edge Detection tool performs
Definition of edge pixel

Description of the Sobel operator. which is used by the Edge Detection tool to locate
edge pixels

Definitiona of the angle and magnitude of an eage pixel, and deacriptione of the two
images produced by the Edge Detection tool: the magritude image and the angle
image

Descripton of edge detection preprocessing

Oescription of edge detecton postprocessing

Deacription of & sample application that uses both the magnitude and the angle
imagas ta create an angle "signature’ of a shape

Edge Detection

The Edge Detection tool locates edges and determines each edge's angle and magnitude.

An edge occurs wherever adjacent areas of an image have ditterent grey vaiues. Using this
dafinition. the triangle in Figure 66 has a single edge.

Figure 66. A tigure with an edge
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The definition of edge can be further refined as the directed border between grey areas of
an image, where diraction is defined as a vector normal 1o the edge. Using this definition,
the triangle in Figure 67 has three direclionsl edges, reprasantad by tha threa vactors. The
angle ot the edge is the counterclockwise angle of the vector narmal to the eage, with
respect to the harizantal axis of the image. See the saction Ang/e Image on page 181 for a
discussion of edge angle.

Figure 67. Vectors indicating the eage angles of a triangle

Alang with an angla, an edga has a magnituoe, which reflects the amount of the difference
between grey levels on either side of the edge. As the difference in grey levels increases,

the magnitude increases. Ses the saction The Magnituds Image on page 178 for a
discussion of edge magnitude.

The tmiangle in Figure 68 has the same three edges as the tiangle in Figure 67: however,
these edges are of lower magnitude. This lower magnitude is lllustrated by the shortenea
lengtn of the three airection vectors.

Figure 68. A triangle with low-magnitude edges
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Edges are actually located pixel by pixel. Figure 69 contains a2 magnified view of a poruon
of an edge in an Image. Each cell in the figure represents the grey level of a single pixel.
Notice that. on this “microscopic” level, there are many edges between pixels in which the
grey levels on either side of the edge difter by a few percentage points.

4 141410111 M
4 15110181232

6 6 (4

4 | 4 | 4

5 112120 |20 | 45 | 46

ol NVl x| W

4 318 21 | 18|38 | 33| 45 | 45

9 8 |22 |20 | 40 | 45 | 45 | 44 | 45 | 46
22 | 24 | 45| 45| 49 | 51 | 45 | 47 | 46 | 46
22 | 45 | 45 | 43 | 45 |1 45 | 50 | 45 ) 46 | 41 | 46

5
2
4 4 4 4
6
8
9

44 | 50 | 45 | 46 | 45| 45 | 45144 | 48 | 57 | 43

44 | 61 | 45 | 4S5 | 4B | 46 | 46 | 42 | 44 | 4B | 45

Figure 60. Grey levels in & magnified portion of an edge
The Edge Detection tool locates edges in an image by identifying each pixel that has a
different value from one of its neighboring pixels. It calculates the angle ana magnitude of
each edge pixel. It also provides a means of classifying edges, so that low-magnitude
edges are not reported.
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Edge Pixels

A pixel is an edge pixe! if it hae a differant value from at ieaet one of ite eight neighboring
pixels ang is not on the border of an image. In Figure 70, the four snaaed pixels are edge
pixals.

a b.
1 0 1 0 o] 0
2 2 10 10
1 0 2 0 0 0
c d.

Figure 70. The shaded pixels are eage pixels

Figure 71 contains a grid representing grey levels in an image with the highest magnitude
edge pixels shaded. Notice that border pixels (pixels along the edge of the image) are nat
edge pixels.

Al wiojo|jl]o]l]o}jo}f o

PN

Figure 71. Highest magnitude edge pixels in an image
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The Edge Detection Operators

The Edge Detection tool finds edge pixels using the Sabel 3x3 naighborhood operators.
During edge detection, the Sobel operators are applied 10 each pixal In an input image.
This operation proguces two values for each pixel. One valua raprasents tha vartical adge
componanttor the pixal; the other value rapresents the horizontal edge componeni for the
pixel. Tnesa two values are then used to compute the edge magnitude and edge angle of
the pixel.

Sobel edge detection uses two 3x3 neighborhood oparators to locate edge pixels in an
image. The horizontal Sobel operator detects the horizontal (x) edge component for a pixel.
The vertical Sobel Operator astects the vertical (y) eage component for a pixel. Figure 72
shows the Sobel operators.

110} 1 11211

210 2 0 0 0

-1l 0|1 -1 | -2]-
Morizontal operator Vertical operator

Figure 72. Sobel operators

The Sobel operator works only on pixels with eight neighboring pixels. When the Sobel
operator is applied to a pixel on the border of an image. the resuit is defined to be 0
because there are not enough neighboring pixals to calculate an edge value.

The horizontal and vertical Sobel oparators are 3x3 linear operators. These operators
compute a value for a pixel (x.y) in the following way:

« The grey level of the pixel (x,y) is multiplied by the value in the center of the 3x3 linear
operator.

¢ The grey lavel of the neighboring pixel (x-1,y-1) is multiplied by the first value in the
top row of the 3x3 linear operator.

e Thae grey level of tha neighbaring pixel (x,y~1) is multiplied by the secend value in the
top row of the 3x3 linear operator.

e Thie continues until the produot of each pair of valuee is calculated.

e These products are then summed to produce the output. For the Sobel operator the
value s Interpreted as norizontal or vertical eadgs compaonent of the pixel.
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If the result of applying at least one of the Sobel operators to a pixel is nonzero. that pixel

1S an edge plixel.
110 1 1 1 2
210 |2 x |1 s = 6
-1 1|0 1 2 3 3
Sobel operator Image pixels

Figure 73. Applying the Sobel operator

In Figure 73, the horizontal Sobel operator is applied to the shaded pixel in the image. The
resultant edge pixel value is 6. which is calculated as follows:
-1-1+40-1+1:2+4-2-1+0-2+2-3+-1-2+0:3+1-3=6

Note: The range of pixel values in Figure 73 and in most examples in this document is much
smaller than the typical range of pixel values in an image. This is done to simplify the
examples.

Figure 74 shows sl the vertical and horizontal edge component values for a small image.
The upper grid is the iImage; the values represent the grey levels of each pixel. The gnd to
the lower |eft of the image contains horizontal edge camponent valuas tor the imaga. Each
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cell in the grid contains the result of applying the Sobel horizontal operator to the
corresponding input image pixel. The grid to the lower right contains the vertical eage
components tor the image. It is computed using the Sobel vertical operator.

Grey |evels

0 0 0 0 0

0 0 0 0 3

0 0 1 3 4

11 3| 4 ¢ 4

4 4 4 4 4

4] 4| 4] 4 4
0 0 0 0 0 0 0 0 0 0 0 0
0 1 3 5 7 0 0 -1 -5} 11} -18 0
0 5 7 ) S 0 Ol -1} -6} <151 -1 o]
0 7 5 3 1 0 "é;b:’ o|-18|-11| -5 - 0
ol 3] 1] o ol of orerators ol -5| 1| of o] o
0 0 0 0 0 0 o] 0 0 0 0 0

Horizontal edge component values

Venical edge component values

Figure 74. Horizomal ana vertical edge componsnt values computed
with the Sobel operators

The horizontal and vertical edge component values computed with the Sobel operator are
not returned by the edge detection functions. They ate used to compute the edge
magnituae ana edge angie of each pixel in the Image.
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The Output images

Edge magnitudas are storea in an output image that shows the edge magnitude of each
corresponding pixel in the input Image. Edge angies are stored in another output image

that shows the edge angle of ea¢h pixel. You can choose which output images to craata:
magnitude, angle, or both.

These two images are described in this section.

The Magnitude image

Tne eage magnituds for a given pixel is a8 function of the horizontal and verucsj edge
components of the pixel. If x is the horizontal edge component value and y is the vertical
eqge component value for Some pixel, then the eage magnituca. M. for that pixe! Is aatined

as follows:
M= Jx2+ y2

This formula suggests a geometric interpretation of the data: it x Is the horizontal edge
component and y is the vertical edge component, the magnitude is a vector fram the origin
of a two-dimensional coordinate system to the point (x,y). Figure 75 shows the geometric
relationehip between the edge magnitude and the two edge componenta.

yericalsdge y f—z Eage magnitude

component

»—
X Horizontal edge
component

Figuwe 76. Geomaetric representation of edge magnitude

Note: For implementation-specific reasons, the Edge Detsaction tool usas tha formula
described above 10 compute edge magnitude and then scales the magnitude upward
by approximately 16%.
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You can choose the number of bits that can be used o express magnitude. Because
magnitude values, computed with verlical and horizontal edge component vaiues. can
excaad this numbaer of bits. magnitude values are compressed 10 an integer value that can
pe expressed in the number of bits you have specitied. You ¢an control how magnitude
values are compressed; you can choose a method supplied by the Edge Detection tool,
such as a logarithmic or linear map, or you can supply a magnitude compression map of
your own. For descriptions of the maps supplied by the Edge Detection too! and for
information on using your own map, seé the saction Two Compression Tables on page 192.

The size and depth of the magnitude image are the same as that of the input image. Since
all border pixels have horizontal and vertcal edge pixel values of 0, the border of the
magnitude image contains all zeros. You can display an edge magnitude image: higher
magnitude edges are brignter.

Optionally, edge detection can return the number ot 8dge pixels in the inputimage and the
sum of all edge magnitude values. By dividing the sum of all edge magnitude values by the
size of the image, you can compute the average adge magnitude of an image. If you have
two Images of the same scene, you can determine which image is in sharpaer tocus by
comparing average edge magnitudes of the two images: the image with the higher average
magnitude is in sharper focus.
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Figure 76 contains an image, the image's horizontal and veracal edge components
computed with Sobel operators, and the output image containing the sdge magniude
values for each pixel. The edge pixels with the highest magnitude. representing the actual
edge, are shaded.
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Figure 76. Edge magnituds values computed with 1he Sobel opeérators

Angle image

The edge detection funsctions produce an image containing the angle of each edge pixal.
If xis the horizontal edge component value and y s the vertical edge componaent value, the
edge angle ie the counterciockwise angle betwasen the horizontal axis and the magnitude
vector.

Figure 77 shows the geomatric relationship between the edge angie, the edge magnitude,
and the two edge components. In this figure, Mis the magnitude vector and 8 is the edge
angle.

Vertoal edge y
component M

X Horizontal edge
component

Figure 77. Geomelric intérpretation of edge angie

Edge angles are stored in the angle image in binary torm. They are reprasented as
fixed-point numbers with the decimal point to the left of the most significant bit and are
interpreted as fractions of 360°. You ¢an choose the maximum number of bits avallaple to
axpress an angle; this vaiue must be less than or equal to 8. If nis the maximum number
of bits used to express angle, and x i1s the binary representation of an angle, you can
convert x to degree notation by using the following formula:
360x
angle(x) = —
n

Note that with a 6-bit representation, angles can be expressed to the nearest 5.626°; with

a 7-bit representation, an angle can be expressed 1o the nearest 2.8°: with an 8-bit
representation, an angle can be exprassad to the nearest 1.4°.
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The edge angle is computed using the arc tangsnt function. If x s the horizontal edge
component and y is he vertical edge component tor a pixel, the eage angle for that pixel
18 caloulated as shown in Table 3.

] " Edge Angle
x>0 y>0 arctan( y/x )
x>0 y<o0 360 - arctan( ly/xl )
x>0 y=0 0
x<O0 y>0 180 — arctan( ly/x )
x<0 y<O0 180 + arctan( y/x )
Xx<0 y=0 180

=0 y>0 90
x=0 y<O0 270
x=0 y=0 0

Table 3. Formulae for computing edge angles

The computation is designed so that an edge angle 8 Is In e Tollowing range:

0°<6<360°
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Figure 78 contains six rows. Each row contains (from left to nght) an image with the central
pixel shaded. the vertical and horizontal edge component value of the shaded pixel, the
image with a vector superimposed showing the edge angle of the central pixel. and the
formula used to compute the edge angle. Notice that the equations defining the adge angle
valua are designed so that the vactor always points 1o the brighter side of the edge.

o0lololo]o ojolojolo
olofo]olo] Vertical edge =~ olofololo] Angie = arc tan(-4/0) = 270°
olOBMNo]0| Horizontal edge = 0 O{OMNO0]0

11111 11119111

111{1{111 1{11111{1
ojolol1 |4 ofolof1]1
0lojo]l1[1] Verucal edge =0 0l0{0]1]1 Angle = arc tan(0/4) = 0°

1 Herizontal eage = 4 0l0 1

0l0j0{1}1 00|01 }1
olojoft]1 ojofo[1]1
ololololo oloToJo

110/0{0{0] vertical edge = ~3 110]0J0fo] Angle = arc tan(-3/3) = 225°
1]1JR0]0}| Horizontal edge = -3 1 1{1JE0I(0

111{110]0 1 1{0{0

111]11110 111f1]1]0
o[1l1l11 of1T111 14

010{1{1{1] Verucal edge = 1 0jOoJ1@i1] Angle =arc tan(1/1) = 45°
& 0 1] MHorizontal edge = 1 0 Oﬂ"i'1

0f{0fofof1 0{0]0}0]1
ojojojofo 0jolojofo

111111 [1 1f1]1{111

1]11]1{1]1] Verucal edge = ¢ 111]Al111] Angle = arc tan(4/0) = 90°
0/ojojoJo] Horizontal edge = 0 ololdlolo
0{0j0}{0}0 0j0j0fo]o

OJOREO|0 010 0

1{111{110 1111110

1{110]0] Verucal edge = 3 1] 1]0]0 Angle = arc tan(3/-3) = 135°
111 0| Horizontal edge = -3

11010]0]0] 110]0]010

0jojofjojo ofojojojo

Figure 78. Compuung the angle of various edges
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By setting a flag in the edge detection parameters, you can specity that you want angles
computed In the range 0° to 180° Insteaa of the default range, 0° to 360°. Whan you select
the smaller range, an edge angle nthatig greater than 180° maps to eage angle (n— 180°).
For instance. 300° maps 10 120°, and 270° maps 10 90°.

Use the reduced angle range when you want the same edge angle results regardiess of
the polarity of the image. As shown in Figure 78, when the rangs ot angles I8 restricteq to
the range 0° to 180°, the same edge angies are computed for a black object on a white
background as for a white object on a black background. When the range of angles is 0°
to 360° (also Figure 79) this is not the case: reversing tha polarity of the image reverses the
edge pixel angle.

Figure 79. Eftect of raversed polarity on eage angles for the two ranges

The binary representation of an angle in the range 0° to 180° is similar to the representation
ot an angle in the range 0° 10 360°. If nis the maximum number of bits used to express
angle and xls the binary repraesentation of an angie (n the range 0° to 180°, you can convert
X to aegree notation by applying the fallowing termuia:

180x
angle(x) = —-ir
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Edge Detection Preprocessing

If you supply a pixel map, the edge detection function uses it to preprocess your input
image before It calculates the harizontal and vertical edge components. For a description
of pixsl mapping. see Chapter 3, Pixel Mapping.

Edge Detection Postprocessing

Although eage angles are defined for all pixels in an image, they are signiticant only at the
pixeis with the greatest edge magnitudes. Thera are many edges between pixels where the
grey levels on either side of the edge differ by only a few percent. These inaignitioant edge
pixels, due to frame grabber noise and random fluctuations in pixel values, can clutter your
edge magnitude image and make it difficult to evaiuate the data in that image. Aieo edge
magnitude values usually increase graduslly in a “smear’ as they approach an edge and
then decreasa as the edge ie croesad. You might want to sharpan the magnitude imaga by
filtering out some edge pixels that are near, but not at, an edge.

The Edge Detection too! supplies three postprocessing methods. Two of these methods,
setup and run-time thresholding, set the lowest edge magnitwde pixels to 0. The thirg
method, peak detection, takes an edge magnitude Image ana processes (t SO tnat, for any
small pixel neighborhood, only the highest edge magnitude pixels remain and the other
pixels are set 1o 0. See ne section Peak Detection on an Edge Magnitude Image on
page 229 for a compiete discussion of this method.

After postprocessing, edge angles corresponding to 2ero edge magnitude pixels are also
set 1o 0 unless you have specified run-ime thresholding but not peak detection. In this
case, edge angles corresponding to 2ero edge magnitude pixels can be nonzero, but
should be considered undslined.

Sotup Threshoiding

You can supply a setup time rejection percentage. This is a vaiue n that represents a
percentage of the highest possibie edge magnitude vaiue. With this method, any
magnitude values in the tirat n percent of all possible values are forced to Q. For example,
if you provide 6 bits to express magnitude values and specify that the lowest 5 percent of
magnitude values are forced to 0, then any magnitude below 3 is forced to 0 since 5
percent of 63 (truncated) is 3.

Run-Time Thresholiding

You can supply a run-time rejection percentage. This is a value n that represents a
percentage of the highest actual edge magnitude value in a magnitude image. With this
method, magnitude values in the first n percent of the magnitude values in a specific image
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are forced 10 0. For example, if the highest magnitude vaiue in a particular image is 51, and
it you specify that the lowest 5 percent of the run-time magnitude values are torced to 0,
then any magnitude below 2 is forced to 0. since 5 percent of 51 (runcated) is 2.

Using a setup rejection percentage is taster than using a run-time rejection percentage,
since the values that are forced to 0 are computed once, betare any magnituae images are
created. However, the run-time methaod is more flexible and robust. If you are producing
magnitude iImages o1 the same scene butunder varying lighting conditions, you snoula use
a run-time rejection percentage since the proportion of magnitude valuas forced to 0
remains stable as the range of magnitude values changes (due to varying illumination).

Postprocessing with Peak Detection on a Magnitude image

Peak detection is a method of filtering an image ao that only peak pixeis remain and other
pixels are set to 0. Peak pixels have a valua greater than or equal to some or all of their
neighboring pixele’ vaiuee.

You can set a flag in the edge detection parameters structure that instructs the edge
detection function 10 run peak detection on the magnitude image during postprocessing.
All nonpeak pixels are flitered out of the magnitude image and the edge angle image before
they are returned. When you specify this, you must supply peak detection parameters in
the edge detection parameter stiucture.

The edge detection function does peak detection postprocessing after it has done setup
and run-time threaholding. There will be a 2-pixel-wide bordar of 2aroe in a peak-deteoted
magnitude image.

The section Peak Dataction on an Edge Magnitude Image on page 229 discusses. in detail,
the benefits of using peak detection on an edge magnitude image. This section also
describes the proper way to parameterize peak detection so that it filters edge magnitude
pixels correctly. However, you do not need a detailed knowledge of peak detsction 10 use
it with edge detection. Suggested peak detection paramaters are supplied in the saction
Data Structurs cip_sdge_params on page 199.

Figure 80 contains an image. Its edge magnitude image. and the image that results from
peak detection. The edge magnitude image contains a smeared edge, which is sharpened
by peak detection.
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Figure 80. Peak detacting an edge magnitude image to determine actual
edge
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Sample Application: Angle Histogram

You can uee the magnitude and angle imagaes of an objeot to oreate an ang/e histogram of
that object. This is a table that assigns a value n to each edge angle 8 it there are n edge
pixale (above a given magnitude thrashold) whosa edge angle 1s 8.

The angle histogram supplies a useful "signature” of an object's shaps. You can use this
signature to gauge similarity among objacts, to detect rotations of an object, and to detect
flaws in an object.

Onca you have created edge magnitude and edge angie images for an object, you can
create and displey en angle histogram ae followe:

void angle_histogram(res,threshold)

cip_edge_results *res; /* resulte structure pointer */
int threshold; /* significant edge threshold */
{

int 1,9,mag;

int hist(256];

cu_clear(hist,sizeof(hiat));
for (1=0; icres->mag_img_p->width; iee)
for (j=0; j<res->mag_img_p->height; j++)(
mag=res->mag_img_p->get (res->mag._img_p,i,J) ;
if (mag > threehold)
hist(res->ang_img_p->get(res=->ang_img_ p,L,3))*+;
) .
cgr_histogram(caq_imaga.hise £5):
caqg_display () ;
raturn;

)
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Figure 81 contains four shapes; each shape Is paired with its angle histogram. Notae that
the square and the plus sign have identical angle histograma. The angle histogram of the
circle is flat because there IS no dominant angle alang the edge of a circle.
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Figure 81. Assorted Snapes with their angle histograms
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Figure 82 demonstrates the effect of rotation on the angle histograms of a plus sign. The
histogram shifts as the plus sign rotates.
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Figure 82. Effsct of rotation on angle histogram
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The Caliper Tool

This section defines the Caliper Tool and describes in general tarms how it works. The
concapts intraduced in this saction are described in detail in later sactions.

The Purpose of the Caliper Tool

The Caliper Tool is a 100! for locating eages and edge pairs in an image. The edga ot an
objectin an image is a change In gray value from dark to light or light to dark. This change
may gpan cevaral pixele. The Caliper Tool providee methods for ignoring edges that are
caused by noise or that are not of interest for a particular application.

The Caliper Tool is modeled on the machanical engineer's caliper, a precision aevice for
measuring distances. You specify the separation between the callper “jaws,” and the
Caliper Tool searches an area you specify for edge pairs separated by that distance. You
can aiso search for individual edges whan you know their appraximata location in an
image. This is similar to using a caliper to measure depth.

A typioal use tor the Caliper Tool 18 part inepection on an assembly line. For example, in
intagrated circuit lead inspection, a part is moved in front of 8 camera o an approximately
known lacation (the axpactad lacatian). You use the Caliper Tool to aetermine the exact
location ot the ieft edge of the part by searching for a single light to dark edge at the
expectad location (see Figure 103). The edge that is closest to the expacted locatonis the
left edge of the part.

Search
area

Image

Figure 103. The Caliper Tool is used to locate the left edge of the part.
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Once you find the left edge of the part. you can predict where the leads should lie within
the image to specify a window in which to look for leads (see Figure 104). You can then use
the Caliper Tool to search for edge pairs consisting of a dark to light transition followad by
a light to dark transition, and separated by the expected lead width. With information
calculated by the Caliper Tool, you can compare measured lead width and location to
expected lead width and location to make an accepuyreject decision about the part.

Search
area

Image

) -

Figure 104. The Caliper Tool can be used to measure lead width and
lead spacing on an integrated Circuit.

How the Caliper Tool Works

The Callper Tool uses projection to map a twa-gimensional window of an image (the caliper
window) into a one-aimensional image. Projection collapses an image by summing the
pixels In the airection of the projection, which tends to amplity edges in that direction.
Figure 105 shows an image, a caliper window. the one-directional image that resuits from
projection, and a graph of the pixel grey values in the one-aimensional image.
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Grey level

Figure 105. Overview of the Caliper Tool

You may specify that the Caliper Tool pertorm pixel mapping betore projection. Pixei
mapping can be used to filter an iImage, attenuate or ampity a range of grey values, and

otherwiee map pixel values. See Chapter 3, Pixel Mapping, in the Image Proceesing
manual for a complete description of pixel mapping.

After projection, an eage filter is applied 10 the one-dimensional image to further enhance
edge information and to smooth the image by eliminating minor grey value changes
between neighboring pixels that are mast likely caused by noise. The edge filter produces
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a first derivative image (the most rapid changes in grey value in the projected image resuit
in the highast peaks In the filtered imags). Figure 106 shows the one-dimensional image
trom Figure 105. an iImage generated by the edge filtar. and a graph of that image.

L1 11

0 g

[ 1

One-dimensional
edge filter mage

, Peaks in

Edge magnitude

g edge filter mage

First edge Second edge

Figure 106. An edge fiter Is applled 10 the one-dimensional image that
rasults from projeclion

Afer the filter operation, edge datection s performed on the filtered iImage. Edge detection
IS a method of evaluating peaka In the filtered image and ignoring edgea that ara not of
interest. such as eages representng noise in the image. Edge detection appiies geometric
constraints that you specify 1o each edge or adga pair found in the image. Applying
geomaetric constraints provides 8 way to limit the number of edges to evaluate by assigning
a score 10 each edge or eage palr based on such tactors as the axpected location of the
edge or edge pair, the distance between edges In an edge pair, and the minimum grey
level difference between pixsls on each side of the edge.

The Caliper Tool returns as many resuits as you have specified in the cclp_psrams data
structurs and computes the geometric average of the score of each geomeuic constraint
that you specity. For edges or edge pairs whose score equals or exceeds the accept
threshold, the Caliper Tool retums information such as the score and location of the edge
or edge pair and the measured distance between edges In an edge pair.

The controlling variablas of an edge or edge pair search define a caliper, and include such
information as the dimensions of the search window and the edge detection scoring
parameters. The type of the data structure that defines a caliper is ccip_caliper.
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The Caliper Window and Projection

This section describes how you specity the caliper window, which is the subset of an image
in which to locate edpes or edge pairs. It than dascribes projactan, which 1s tha mapping
of the caliper window into a one-dimensional image. Finally it describes the adge filter,
which enhances edges in the one-dimensional image.

Caliper Window

The caliper wingow 18 the poruon of an image in which the Caliper Tool searchas for edges.
It is defined by the search length and projection length, which are the width and height
respectively. of the window (n an image that will be projected inta a one-aimenstonal image.
The caliper window Is illustrated In Figure 107.

jagq—————— Search length —]

length
Projection

= Appiication point

Projection

Edge detection
g —

Flgure 107. The Calioer Tool window

The pixel in the canter of the caliper window is called the appiication point. This is the point
In the run-time image at which you want to locate eages.

Caliper Window Rotation

For many applications edge information is needed at more than one angle in an image. For
example, toinspect a ractangular part, you may want 1o measure the dimensions of the part
by projecting the image first at 0° to measure length. and then at 90° to measure width. Tha
caliper window can be oriented at any angle to locate edges in an image. Angies increase
in the clockwise direction from the horizontal axis.

Figure 108 shows how changing the caliper window angle affects the projection and edge
search directions at 90° rotations. The Caliper Tool runs faster for 90° rotagons tan it goes

for arbitrary rotations.
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Flgure 108. The caliper window at 90° rotations

Skewed Window Projection

Figure 109 shows a -15° caliper window with window rotation disabled. In this case, the
Caliper Tool creates a “skewed” window and projects it along the angle of skew Into a one-
dimensional image.
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Figure 100. Skewed window projection

When window rotaton is disabled, you specify how the skewed window will be projected:
with or without interpolation. Interpolation increases accuracy at the expense of execution
speed.

When you use a skewed window without interpolation for projection, the pixels in the source
image are summed along the angle of skew as shown in Figure 110. Each pixel in the
two-dimensional image contributes to one pixel In the one-dimersional image. In

Figure 110, thoss pixels containing the number 1 contributs 1o the desunation pixe!
containing the number 1, and SO on.
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Figure 110. Skewed window projection without interpolation

When you use a skewed window with interpolation for projection, the skewed window IS
transformed into a rectangular window betfore projection. The transtormation is performed
by clp_transtormy), which uses several neighboring pixels from the two-dimensional
image to calculate the pixel value tor the one-dimensional image. See Chapter 2, Basic
Image Processing. in the Image Processing manual for a complete aescription of the
tunction olp_transformy).
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Rotated Window Projection

Figure 111 shows a -16° caliper window with window rotation enabled. In this case the
Caliper Tool rotates the two-dimensional image and projects it into a one-dimensional
image.

image
‘m SRR
sedH—1 % 2
Callper \ { - D‘aﬁ‘l‘uY \
i H °®
wmdow_ ‘

k] \Y \ \\r \ \\ \1
ALY

. 2 \mad®

19 . one-d\me“s\on

Figure 111. Rotated window projection

Choosing the Projection Type

The choice of skeweq or rotated projection depends on the angle of the edge or edge pair
of interest in the image and the remaining contant of the image. If the rotation angle is ¢lose
to 90° or if a skewed image will contain enough of the edge or edge pair of interest to
generate strong edges, you can use skewed projection 1o speed program execution.
Figure 112 shows an image, a caliper window and the one-directonal image that results
from projection. The skewed window contains enough edge information. so skewed
projection may be used.
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Caliper
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One-dimensional
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Figure 112. Skewed projection may be used

Figure 113a shows a caliper window where the eages of interast are at 15° ana window
rotauon is disabled. A window large enough to enclose these edges would 8lso include
much of the dark area in the image, which in some cases would result in a one-dimensional
image where the edges are obscured.

Figure 113b shows a caliper window at -15° in the same image with window rotation
enabled. Only the edges of Interest are included in this window.
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Figure 113. Skewed projection (a) and rotated projection (b)

Caliper Tool Optimization

When setting up the variables for a caliper, you specify the following types ot optimizaton:

Space optimization: The Caliper Todl 1s optimized for minimum memory use at the
expense of execution speed.

Speed optimization: The Caliper Tool will use 8 number of internal techniques to
improve execution speed at the expense of increased memory use.

Detault optimization: The Caliper Tool will weigh space and speed equally, using
shightly morae space than if you épecify space optimization and slightly slower
execution spead than it you specity speed optimization.
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The Edge Filter

After projection, an edge filter is run on the resulting one-dimensional image. The edge filter
accentuatas edges In the Image and producas a filterad imaga. Tha paaks in this Image
indicate strong edges.

The two parameters of the edgs filter are its size and /eniancy. Edga filter size is the number
of pixels to each side of the edge to consider in the evaluaton. Edge fliter leniency is the
number of pixels at an edge to ignore betwaen light and dark sides of the edge (leniency
Is described in turtner detail below). Figure 114 illustrates an edge tilter. The edge tilter i1s
poaitioned over the leftmost pixel in the one-dimensional image where it will entirely fit in
that image. Pixal vaiues 10 the left of the leniency region are summea and subtracted from
the aum of tha pixel valuee to the right of the leniency region: in thia example, (0+ 5)-(0-0)
yields S for the edge filter image.

Leniency
Slze Size

Edge

filter > - )

0

Y
1mage 0Olo OO |5 |10|15 |15 {15(15|10}S85 |0 |0f[O0¢}{O

5

Eage fliter
image

Figure 114. The eages filter 18 positioned in the one-dimensional image.
As shown in Figure 115, the edge filter 1s then applied at each successive pixel in the

one-dimensional image until the edge filter no longer fits entirely in the image. Ateach pixel
position, the pixel values to the left of the leniency region are summed and subtracted from
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the sum of the pixal values to the right of the leniency region and the result is written to the
edge filter image. The resuiting 1mage will be 2 = si2ze + leniency - 1 smaller than the
one-dimensional image.

Leniency
Size Size

Edge i ) .
finer P 0| + -
1-D +
imege_>°00051o151515151osoooc

Edge filter

mage > 5 |15|25|25] 15| 5| -5]-15/-26)-25[15) &

Figure 115. The edge lilter is applied at each successive pixel until the
adge ilter no longer fits entirely in the image.

Figure 116 shows a graph of the one-dimensional image and the edge fliter image from
Figure 115. Peak position is calculated to subpixel accuracy.
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Figure 116. Edge filter image graph vs. one-dimensional image graph

The graph in Figure 118 represents an eage fiiter applied to an iceal image; few
applications would result in as ideal a graph. Allimages contain some degree of noise, and
a typical edge in an image can be several pixels wide. The naxt twa Sections proviage
guidelines for optimizing the edge filter by choosing appropriate values for size and
leniency.

Choosing Edge Filter Size

Edge filter size specifies he number of pixels on elmer side of an edge to consider in an
edge evaluatian. Size should usually be greater than 1 because noise in an image causes
grey levei differences between neighboring plxels. Figure 117 shows a graph of a
one-dimensional image of a light band on a dark background, and a graph of an edge filter
image where a si2e of 1 was used. Because there is noise in the image, many more peaks
exist than are of interest.
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Figure 117. An eages filter size ot 1is typically too small.
Increasing size tenas 1o smootn Me eage fliter image because summing several pixels on
either side of an @dge tends to reduce the effects of noise. Figure 118 shows an image

similar to the one in Figure 117 where a size of four was used. The only two peaks in the
image are the peaks of interest. Size Is typically between 2 and § inclusive.
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Figure 118. Using four for edge filter size reduces the effects of noise on
the edage filter.

Choosing Edge Filter Leniency

Edge filter leniency specifies a region of pixels to Ignore at an eage in an image. Due 10
slight changes in edge or edge pair position or orientation, a pixel on the edge of a teature
may not always have the same grey value. By setting a Jeniency zone between the light and
dark areas of a feature, the eftects of slight changes in feature location on filter results are
minimized.

Figure 119 shows a graph of a one-dimenslonal image with two edges that span two pixals
eacn, and graphs of the output of two edge fifters. Thae first edge filter has a leniency of O,
the second edge filter has a leniency of 2. The edge filter with a leniency of 2 produces
higher peaks. Two is a typical value for leniency.
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Figure 119. The etfect of lsniency on an eage lilter image
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This chapter describes the Cognex Point Registration tool. It contains seven sactions.

The first two sections. this one and Some Useful Definitions, provide an overview of the
chapter and dafine some terms that you will encounter as you read.

Point Registration Tool Overview provides information about the capabilities and intended
use of the Point Registraton tool.

Haw the Point Registration Tool Works provides a general deseription of the operation of
the Point Registration tool.

Comparing the Point Registration Tool with Search compares the Point Registration tool
with the Cognex Search tool.

Using the Point Registration Tool describes some of the techniques that you will use to
implement an applicaton using the Point Registration tool.

Point Registration Tool Data Structures and Functions provides a detailed description of the
gata structures and functions that you will use 10 Impiement your application.
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Some Useful Definitions
point registration A search technique designed to determine the exact paoint at
which two images of the same scene are precisely aligned.
global minimum The lowest value in a function or signal.
local minima A low value in a function or signal.

S

Local minima Global minimum

subpixel accuracy Positions within an image may be specified in terms of whole
pixa! positions, in which case the position refere to the upper-
left corner of the pixel, or in terms of fractional pixel positions, in
which case the positian may lia anywhare within a pixel.
Positions specified in tarms of fractional pixel positions are
reterred 10 as having subpixel accuracy.

61

SUBSTITUTE SHEET (RULE 26)



WO 98/18117 PCT/US97/18268

Point Registration Tool 6

Point Registration Tool Overview

The Cognex Point Registration tool performs fast, accurate point registration using wo
images that you supply.

Point Registration

Point registration is the process of determining the precise offset between two images of
the same scene.

You usa the Point Registration tool to perform point registration by providing a mode! image
and a target image, along with a starting point within the target image. The model image
should be a reterence image of the feature you are artempting to align. The target image
should be larger than the model image, and it should contain an instance of the model
Image within It

The Point Registration tool will determine the precise location of the model image within the
target image. The Point Registration tool will return the location of this match, called the
registration point. with subpixel accuracy.

Figure 160 illustrates an example of how the Point Registration tool perterms point
registration.

Location of model image

Model image Target image within target image

Figure 160. Point registration
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The Point Registration tool is optimized to locate precissly the model image within the target
image, even if the target image contains image defects such as reflections, or if the modei
image is partiaily obscured by other features in the target image. Figure 161 illustrates an
example of point registration where the target image is partially abscured.

Modol i T Location of model image
ode nmege argct rmage wimin Larget image

Figure 161. Point registration with partially obscured target image
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How the Point Registration Tool Works

The Point Aegistration tool finds the location of the model iImage within the target image.
You operate the Point Registration tool by supplying the model and target images. along
with the location within the target image where you expect the origin of the model image to
be. The Point Registration tool will determine, with subpixel accuracy. where the origin of
the mode! image lies within the target image.

The Point Registration tool works by computing a score indicating the degree of similarity
between the model image and a particular portion of the target image that is the same size
as the model image. This score can range from 0 to 255, with a score of 0 Indicating that

the model Image and the target image are perfectly similar and a scora of 255 indicating
that the model image and the target image are pertectly dissimilar. The tool computes this
score for locations in the immediate neighborhood surrounding the starting point. The tool
will find the location within this neignborhood of the target image that produces the {ocal
minima in the value of this score.

By adding an interpolation step, the Point Registration tool then dstermines the location of
the model image within the target image with subpixel accuracy. For typical images, the
Point Registration tool can achieve accurate registration to within 0.25 pixels.

Because of the way the Point Registration tool seeks the local minima, if the startng paint
you specily 1S more than a few pixels from the actual registration point, the tool may not
return the corract registration point. The exaot amount of varianoe that the Point
Registration tool can tolerate will vary depending on the images. The variance may be as
small as 3 to S pixels for some images or as targe as 30 pixels for others.

Point Registration Score

Each time it 13 invokedq, the Point Registration tool will return, in addtion (o the location of
the origin of the model image within the target image, a score indicating the degree-of
similarity between the model image and the target image. The score returned by the too|
will be from 0 to 255, with a score ot O Indicating that the model image and the target image
are perfectly similar and a score of 255 indicating that the model image and the target
image are perfectly dissimilar.

It your point registration raceives a high scare, the actual precision of the point registration
location may be somewhat lower than if the point registration receives a low score.

Exhaustive Point Registration

When you use the Point Registration tool, you supply tha tool with two images and a starting
location within the model image. The tool will confine its point registration search to a small
area around the starting location that you specitfy.
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The Point Registration tool can also pertorm point registration exhaustively, that is, by
computing the score for every possible location of the mode! image within the target image.
This procedure, called exhauslive point registration, is extremely slow. It can be helptul,
however, in debugging applications where the Point Registration tool does not appear 10
be working correctly.

Masked Point Registration

You can limit the areas of the model image and target image that the Paint Registration tool
uses to pertorm the point registration by supplying a series of rectangles 10 the tool. If you
supply these rectangles, the tool will compute the score based only on those pixels
contained within the rectangies that you specity.

Figure 162 illustrates an example of specifying a masking rectangie. In this example, the
right side of the modael is often obscured in the target image. By specifying a rectangle that
oovare the left eide of the model image, you can cause the Point Registration toof to
consider only the pixels in that part of the model image. This will tend to increase the
accuracy of the point registration.

Masking
rectangle

.....

Location of model image

Modsl image Target image within target image

Figure 162. Masked point registration
You can also specify several masking rectangles. Figure 163 illustrates an example where
the oentar of the model image i9 oftan obacured in the targetimage. By specifying a series

of rectangles, you can eliminate from consideration the part of the image that is most
fraquantly obacured.
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. Location of model image
Model image Target image within target image

Flgure 163. Masked point registration using muluple rectangles

If you specify multiple masking rectangles and the rectangles overiap. any pixels that are
contained in more than one masking rectangie will be counted toward the score multiple

times, once for each rectangle in which they are contained.

In all cases, the Point Registration tool will return the locahon of the origin of the model
image within the target image.

Image Normalization

The Point Registration tool may not work well in cases where the model image and the
target image have different intensity values. You can perform limited image processing as
part of the point registration by supplying a pixel mapping table.

It you supply a pixel mapping table, avary pixel in the target image will be mapped to the
value in the pixel mapping table at the location within the pixel mapping table given by the
pixel's value. For example. if a pixel in the targat image had a value of 200, it would ba
mapped to the value of the 200" element within the pixel mapping table.

I' you have specified a masking rectangle, only those portions of the target image that lie
within the masking rectangle or rectangles will be mapped through the pixel mapping table.

For more information on pixel mapping, see Chapter 3, Pixel Mapping, in the Image
Procassing manual.
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Comparing the Point Registration Tool with Search

This section compares the Point Registration tool with the Search tool. For more detailed
information on the Search tool see Chapler 1. Searching.

The Point Registration tool has the following advantages over the Search tool:

¢ |tis |less sensitive to images that contain areas of pixels that have widely different
values than the same pixels in the model image (1.e., blotches or occlusions).

e [trequires no training step.

The Point Registration tool has the foliowing disadvantages when compared with the
Search tool:

¢ Itis capable of fine alignment only.

¢ [t does not work with scaled or rotated target images.

o It does not work well with images with brightness changes.
e Itwill not find or rank multiple registration points.
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Using the Point Registration Tool
This section describes how to use the Point Registration tool.

Obtaining Model and Target images

You acquire the images that you use as model and target images using the techniques
described in Chapter 1, 3000/4000 Acquisition and Display. in the 3000/4000 Image
Acquisition and I/O manual and Chapter 1, 5000 Acquisition and Display, in the 5000
Image Acquisition and /O manuai.

You should acquire all images that you plan to use with the Point Registration toot.
especially images ot scenes with low contrast, using a bil depth of at least 8. For fastest
performance, you should acquire images as FAST8 images.

When you acquire the model image, you shouid take care to ensure that the image is as
ideal a model as possible of the images that you will be using as target images. The Point
Registration tool 13 dasigned to align target images with a wide variety of image defecls,
but in order for the tool 1o work, the model image needs to be ase free from defeots as
possible.

Specifying a Starting Offset

When using the Point Registration tool, you must specify a starting tocation in the model!
image. The tool will pertorm its point registration search starting at the point that you
specify. Because the tool only seeks the local minima tor the score value, it you specify a
starting location that variee greatly from the actual regiatration point, the point registration
operaton will fail.

You can use other vision tools such as the Search tool or the inspection ool to locate the
model feature within the target image, or you can rely on operator input 1o specity the
coarse location of the feature.
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Point Registration Tool Data Structures and
Functions

This section contains descriptions of the Point Registration tool data structures and
functions. Ali Point Registration 100l data structure and function names begin with the prefix
creg .

Structure creg_params

creg_parame contains parameters that determine how the point registration search will be
conducted. A structure of tis type is suppliea as an argument to creg_point_register().

finclude <register.h>

typaedef struct
(
c_Int32 start_x,

etart_y)

c_Int32 rect_count;
char *optional_map)
c_Int32 flags;
)} creg_params:

e start xand starl_y are the x- and y-coordinates of the starting position for the point
registration search.
e recl_countis the number of rectangles in the rec!s argument to creg_point_register().

e optional_map is an optional pixel map. If optional_map 1s non-NULL, the Point
Registration tool will replace each pixel in the target image with the value contained in
the element of optional_map corresponding to the value af the pixel in the target
image. If you supply a value for optional_map. you muet supply an image of type
FASTS.

You can use optional_map 10 compensate for image-to-image brightness variations.

« flags specifies the type of point regisration that the Point Registration tool wil perform.
flags is constructed by ORing together any of the tollowing values:

e CREG_TYPE1iareserved for future use; you should atways include CREG_TYPE 1
in the value of f/ags.

e CREG_TYPE2:s reserved for future use; you should never include CREG_TYPE2
in the value of flags.

o CREG_NORMAL is used to specify a point registration based on finding the local
minima of the score vaiue.
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* CREG_EXHAUSTIVE 1s used to specity a point registration based on finding the
global minimum ot the score value.

If you specify CREG_NORMAL and it start_x and start_y are more than a few pixels
from the actual registration point, the tool may return a location that does not represent
the best match within the Image. !f you specily CREG_EXHAUSTIVE, the registration
will return the best registration match tor the entire image. An exhaustive point
reglistration will be exrremely slow.

Structure creg results

creg_point_register returns a pointer to a creg_reeuits structure. creg_polnt_register
fills in the structure with information about the results of a point reglstration operation.

¥include <register.h>

typedef etruct
(
float x,
Y:
c_Int32 ecore,
time;
char on_edge_x,
on_edge_V;
} creg_results;

e xand yare the x~coordinate and y-coordinate. respectively, of the location within the
model image at which the target image was found. x and y give the position with
subpixel accuracy.

e scorsis a measure of the similarity between the pixel values in the model image and
the target Image at the nearest whole pixel alignment pasition. score will be between
0 and 255, with lower values indicating a greater degree of similarity betwaen the
model image and the target Image.

* timeis the total amount of ime that the tool spent on this point registration, in
milliseconds.

¢ on_edgs_xis setto a non2ere value if, along the x-axis, ane edge of the model image
area is at the edge of the target image. |f on_edge_x is nonzero, the accuracy of the
position information may be slightly reduced from what it would otherwisa be.

. orLedga.y is set10 a nonzero value if, along the y-axis, one edge of the model image
area is at the edge of the target image. If on_sdge_y Is nonzero, the accuracy of the
position information may be slightly reduced from what it would otherwise be.
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Function creg_point_register()

crag_pcint_register() portorms pointregistraton using the model image and targaet image
that you supply. The point registration will be controlled by the parameters in the

creg _params structure supplied to the tuncuon. erag_polint_register() ratums a painter ta
a creg_results structure that descripes the result of the point registration.

#include <register.h>

creg_results “creg_point_register(const cip_buffer *target,

const cip_buffer °®model, const cia_rect ‘*rects,
const crag_parame *params, cyeg_resgults *results);

tarpet points to the image o use as the targat imagae for this point registration. rarget
must ba at least one pixel larger In both the x-dimension and the y-dimension than
model.

model paints to the iImage to use as the model image for this point registration. modal
must be at (east one pixel smaller in both the x-dimension and the y-dimenston than
target.

rects points to an array of cla_rect structures. If racts is non-NULL, the Point
Registration tool will limit the comparison of pixel values to just those pixels that lie
within the rectangles containea In rects. If the reciangles in recis overiap, a pixel will
be included in the comparison once for each rectangle that contains it.

p&rams points 10 a creg_params structure that defines the parameters to use for this
point registration.

results points to a creg_result structurs. creg_polnt_reglster() will place the results
of thig paint registration in résults and will return a pointer to resuils.

it you supply NULL tor rasuits, crag_point_register() will aliocate a creg_result
structure from the neap using the detault allocator. You can free this structure by
calling free().

creg_polnt_reglster() throws CGEN_EAR_BADARG it

racts is NULL and the rect_count field of params is not 0
If modoelis larger than or the same size a3 (arge!

It the start_x field In params is less than 0 or greater than the width of (arget minus the
width of mode/

If the start_y field In paramsis less than Q or greater than the height of targst minus the
height of mode/

If modelis NULL
If params is NULL
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o Iftargetis NULL
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An Overview of the Line Finder

The Line Finder computes the locations of lines in an image. For each line that it finds, it
retuwrns an angle 8 and a signed distance dfrom the centrai pixal of the image. Given 8 and
d, you can compute ail points (x.y) in the image that satisfy the equation of the line (as
illustrated in the section Tha Transformation from Carnesian Space 10 Hough Space on
page 204). The algorithm that the Line Finder uses, along with the angle/distance
classification of lines, is explained in How the Line Finder Works on page 166.

You can use the Line Finder in either of two modes, quick or normal. In quick mode the Line
Finaer proviaes the locatlon of the point along each line that Is nearest to the center of the
image, along with the angle of the line. In normal mode, the Line Finder also estimates the
loength and density of each line that it locates, using statistical methods, and returns the
position of the center of mass of the line. '

Figure 78 illustrates the two modss of the Line Finder. The imags in Figure 78a Is shown in
Figure 78b after the Line Finder has been invoked in quick mode. The presence of the four
lines is indicated. Each line is drawn 10 the screen at a constant length, but no attempt is
made to estimate its actual length. figure 78c shows the result when using the Line Finder
in normal mode: the length of each line segment is estimated.

For a detalled expianation of tne dala rewurned by the Line Finaer In each moase, see the
section Results in Quick Mode and Normal Mode.

b ¢

Figure 78. An Image (a), lines rouna In quick moae (b), and line
segments found in normal mode (¢)

The Line Finder finds lines regardless of grey scale variations in the image, rotation of the
scene. or changes in scale. A typical application tfor the Line Finder is locating fiducial
marks in a series of images in which grey levals, scale, and rotation are unpredictabie from
one image to the next. Figure 79a and Figure 79D illustrate two images, each containing
the samae fiducial mark: a square within a square. However, the sizes of the marks, and their
rotations differ between the two images. Also, the mark in Figure 79a is a dark square within
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a lighter square against an even lighter background, but the mark in Figure 79b is a light
square within a darker square agalnst a darker background. As shown in Figure 79c and
Figure 79d. the Line Finder tinds the outlines of the fiducial marks despite these variations.

c d

Figure 79. The Line Finder is immune o grey scale, size and rotation
changes

Since tha Line Finder Is an Intermealate-level 100, your applicanon will probably require
that you do turther processing, using the rasults of the Line Finder as input. You will
probably not be searching for iines in your image, but rather for a teature whose presence
is iImplied by the locations of lines. For example, in Figure 79, the Line Finder does not
return the locations and dimeneions of the flducial marke, only the looations of the lines that
bound the nested squaras. Computing the precise locations and sizes of the fiducial marks
requires post-processing based on the Line Finder's results.

The Line Finder demo code includes post-processing of this sort. It contains functions that
locate squares of any size and rotation, using the Line Finder. This code deduces the
presence of squares based on the Line Finder’s resuits, eliminating extraneous lines. See
Chapter 1, Cognex API Introduction, in the Development Environment 1 manual fof the
location and name of the Contour Finding demo code on your system.

75

SUBSTITUTE SHEET (RULE 26)



WO 98/18117

3 Line Finder

PCT/US97/18268

How the Line Finder Works

This chapter explains how the Line Finder finds linag in an image. This digcussion is divided
into the following subsections:

e Defining a Line by Angle and Distance describes the definition of a line used by the
Line Finder.

¢ Hough Space introduces the two-dimensionail s‘pace In which the Line Finder records
lines.

*»  The Hough Line Transforrm describes the aigorithm that the Line Finder uses to tind

lines In an image.

The Line Finder uses a Cartesian coordinate system whose origin is the center of the image.
Most of the examples in the book are drawn in this coordinate system, although a few use
image coordinates. These two Systems are pictured in Figure 80. Notice that the x-axes ot
the two systems are the same, but the y-axes are opposite. Note aiso that positive angles
in Cartesian coordinates are measured counterclockwise from the x-axis; positive angles
In image buffer coordinates are measured clockwise from the x-axis.

Image buffer
coordinatles

+y

+0

+X

Cartesian
caoordinates

+y

+0

4

+X

Figure 80. Image bufter coardinates and Cartesian coordinates

The Line Finder uses the central pixel of the image as a reference point. The image buffer
coordinates of this pixel (x., y.) are computed with integer division, using the following
formulas:
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x, = W/2

y. = H72

where W Is the width of the Image and H is the height of the image, In pixels. in the Line
Finder, the Canesian coordinates of the centrai point in the image are (0,0).

Defining a Line by Angle and Distance

The Line Finder defines a line (in Cartesian coordinates) by its angle from the x-axis and by
the signed distance from the center of the image (the central pixel) to the line. These two
parameters uniquely describe any line in Carteslan space.

The feature in Figure 81a contains an edge that lles along a line (Figure 81b). The line is
defined by its angle from the horizontal (8) and by the shortest distance from the center of
the image to the line (Figure 81c¢). Note that the distance vector is perpendicular to the line.

a b c

Figure 81. Angle and distance define a line

In the definition of a line by angle and distance, the distance Is negative if the angle of the
distance vector (in Cartesian coordinates) is greater than or equal to 0° and less than 180°;
the distance is positive if the distance vector has an angle greater than or equal to 180° and
less than 360°.

Distances is signed to avoid the ambiguity illustrated in Figure 82. Figure 82a shows an
Image with wo features. Each feature Is bordered on one side by a fine. Afthough the lines
are different, they have the same angle 8 and the same absolute distance dtrom the center
(Figure 82b).
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Figure 82. The angle of the distance vector determines the sign of tha
digtance

By designating a sign 1o the distance vector, based on its angle (8 in Figure 82¢, 8+180in
Figure 82d). each line is snsured a unique definition. In this example, the two lines are
detined as (8, d) and (8, -0).

Once you know the distance and the angle of a line, you can compute all points (X, y,). In
Cartesian coordinates, that lie on the line. Glven a distance, d and an angle 6, a line is all
points (x, ¥,)that satisty the tollowing equation:

d = x,5i08 - y,co28

The derivation of thie formula ie aupplied in the section The Transformation from Cartesian
Space lo Hough Space on page 204. As an example of its application, if 8 is 45 and dis 0,
a line is all points in Cartesian space that satisty the following equalities:
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0 = x3in(45) - ycos(45)
{ 1
0=x—mx-y
)

X =Yy

Hough Space

HMough space is a two-dimensional space in which the Line Finder records the lines that it
finds in an image. A point in Hough space represents a line; one axis represents angle, the

other repraesents distance.

Hough space is Implemented in the Line Finder as an array; a simpls example is shown in
Figure 83. The Hough space in this exampie can racord eight angles and nine distances
and therefore 72 lines.

The Line Finder lets you contro| the size of Hough space. You specify the range of distance
in pixels, and, in the edge dataction data structure that you pass to the Line Finder, you
supply the number of angles that the Line Finder can compute.

315
270
225
180
135

90

45

Angle

4 3 2 v 0 1 2 3 4
Distance

Figure 83. Hough space

The Hough space in Figure 84 contains a single line. It has an angle of 135° andis a
distance of 3 units from the center of the image.
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315
270
225

180

Angle d=3
135 !
90

45

Ima
4 3 2 1.0 1 2 3 4 mage

Distance

Figure 84. Hough space containing a single iine

The Hough Line Transform

The Line Finder uses the Hough Line Transform to locate lines in an image. This method is
outlined and illustrated in this section. To understand this discussion, you should be familiar
with edge detection and peak detection, as described in Chapler 4, Eage Detection Tool,
in the Image Processing manual.

The Hough Line Transform, as implemented by this tool, takes advantage of the following
rule: If an eage pixei's angle ¢ and location (x0, y0) is known, then the line on which the pixel
lies is also known: it is the line with angle +90 that contains the pixel (x0,y0). This is
illuetrated in Figure 86.

170
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@9@*
- 18087 - i oe
'@270"
a b c

Figure 85. Four eadges In 8n iImage (8). 60g6 angles al rour eage pixsls
(b). and line angles al those pixels (c)

The Hough Line Transtorm is implemented as follows:

1. Using edge detection, the Line Finder creates an edge magnitude image and an edge
angle image from the input image.

2. The Line Finder creates and clears a Hough space.
3. For each edge pixel in the input image, the Line Finder does the following:

¢ Using the edge angie ¢ and location (x0,y0) ot the pixel. the Line Finder calculates
the line's distance from the center. d, and its angle, 8 (using the formula® = ¢ +
80).

¢ The Line Finder increments the bin in Hough space representing the line (8, ).

4. Once all edge pixels in the image have been examined, the Line Finder searches
Hough space for maximum values, using peak astection, The highest value in Hough
space represents the strongest line in the image, the second highest represents the
second strongest line, and so forth.

5. The location of each line is printed out and, optionally, each line is drawn in an output
image.

Figure 86 through Figure 89 illustrate this method.

Figure 86a is an image passed to the Line Finder. Figure 86b is a stylized edge
magnitude image created from the input image.
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Figure 86. An input image (a) and the edge detected input image (b)
Each edge pixel is processad, as described above. For example, because the outined
edge pixel in Figure 87 belongs to the line (30, -2), the bin in Hough space that represents
that line is incremented.
315(0 0cJ]0j0 10 2|0 0] 0
27010 0 jO0jO0 O} 2| 2] 0O
22610 |0]2|0 |2} 1]0] O0]O
Angle 180/0 |O|Of1 (0]0] 2| 00
1350 |0} 0|0 O] O} O] 2]0
30 |0 e] 100 |0 0| © 110
410 (1112|0100l 0)O0jO
ofofojoj1jo0o|10| 0] 0}O
4 3 -2 1 0 1 2 3 4
Distance

Figure 87. The bin in Hough space for the edge pixel’s line is
incremented.
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Figure 88 shows the final Hough space along with the input image. Figure 83 shows the
peak-detected Hough space. with each of the peaks outlined. Figure 89 also shows the
input Image with ths iines, represented by the peaks in Hough space, drawn into the input

image.
31510 |4 |o]jo|lof 2] 0] OO
27010 110{0 |0 2121 3]0
225|0 |o|2|0l2|1j0] 0O
180|0 |o|o|Y{ojo|l2| 1]0 #
Angle

135{0 [ojofofojoO)oO]| 2|0

90lo |ol7z]ojo}j0]0O] 1|0

4s{0 |1 ]|2]ofolofof1]0 ‘
010 o111 0 o]0l 00

4 3 2 1 0 1 2 3 4
Distance

Figure 88. The final Hough space and the inpul image
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180]0 |O (O |1 jOjO 21110
Angle
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Distance

Figure 89. The peak-detected Hough space and the input image, with
lines added

Notice that the Hough space contains many extraneous lines. [f, for instance, the vision
problem is to find the triangie in the image. the lower scoring lines that border the blob need
to be eliminated. Almost all of the Line Finder applications require post-processing of this
sort. In this example, simply locating the three highest peaks in Hough space eliminates
the unwanted linas (Figure 30). In most applications, the required post-processing is more
complex.
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Figure 80. The output image after post-processing
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APPENDIX II

Patent Application for

MACHINE VISION CALIBRATION TARGETS AND METHODS
OF DETERMINING THEIR LOCATION AND ORIENTATION

Software Listings

THE FOLLOWING APPENDIX IS NOT BELIEVED TO BE NECESSARY FOR
ENABLEMENT OR BEST MODE DISCLOSURE OF THE INVENTION DISCLOSED AND
CLAIMED IN THE ACCOMPANYING APPLICATION.
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* Copyright (c) 1996 by Cognex Corporation, Natick, MA USA
* All rights reserved. This material contains unpublishec
* copyrighted work, which includes ccnfident:ial and prccor

* informaticn of Cognex.

* cwa_£ind _target.c, Aaron Wallack - 13 Apr 1996: Cr .
* Time-stamp: <96/07/30 09:32:47 awallack>: last medii:ed.
*

* SRevision: /main/nones

*/

#include <prealign.h>
#include <math.h>

#include <stdio.h>
#include <ccz.h>

#include <cip.h>

#include <czm.h>

#include <cag/cag_def . h>
#include <cwa_priv.n>
#include <search/ctr_def.n»
#include <search/cse def.h>
#include <clp/cc :
#include <clp/cc
#include <chp.h>
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/* This f£ile includes a funczicn £cr lccal.z:ong Crossnal
* square) targec.

* #RIFsIsissss

Y ORRERRIIIIIRE

* #RARRRILINRS

v gausdgsasdes

* HRFERIEIESEN

v ddFgHsasaaid

Y BRRARSEIRRRY

. Feugsadsdaddags
v sdnssddaaaRdes
* e T e S L
v FHERRARSERREEn
v #RdnFaanaddndd
* EEE e E
v #hddRsadandaua
*

* The algorithm is intended to handle the cases when tne target s
* imperfect (occluded or broken)

* FRLdaRRRRRdRdRRIRERCHRHESAS

* RHELRESARHRRRRERRRHRHA44#ER (ccclusion)
v RHARHLAGFARH

* GRddnnaadFa

* FRARFEIRAFHS

v o Randdnaadaad
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#RIgnsddady

LR T a2 2
BHanRsHddHHRIRHY
#uRsdRdBRBHERRS

b2 33311212221

broken ########4sRY
LTSS T2
BRaFEHBREFRIRSY

These routines are intended to be used as a subroutine for
determining the cameras' field of views (with respect =c an absolute
coordinate system defined by a motion stage).

The target localization routine (cwa_£ind_target) takes as input:

img - a cip_buffer containing an image of the target

calib - a calibration structure intended to characterize the
non-rectangularity of the pixels

angle - the orientat:ion of the crosshair in zerms of
coordinates (we require this

orientation estimate T be accurat2 =2 3 degre=s, .23 radian

result - pointer tO a Cwa_.lne 3TIucture whi2re Ine result will »De
returned

Requirements:

Image quality:

The image of the crosshair must be visibtle and periect

(wizhout occlusion or breaks! zhrcughout a 120 X 10C pixel sguarxe

surrounding the crosshair ce

Consequently, the center of aT l=2as:

S0 pixels awav £rcm the borde

Orientation es-:imats accuracy

The given angle estimate (given :n terms 2I image cccrdinatas) must ke

accurate to within 3 degrees J.25 racians

This algoritm tolerates ccclusion and zreaks in the target
so long as these imperfections occur at least 50
pixels away f£rom the crosshair center

Major Consideration:

One interesting thing to note abcut crosshair calibrat:icn, and the reason
that we use fcur distinct rays, is that the separaticn between the opposite
rays depends upon the lighting and aperture of the lens. Furthermore, we
cannot assume that the separation between these edges will remain constant
from one setur to another

What we really want is the position of the '+’

FIRAAFHBHRRAF

ER T T332 12 1
HERRERRRAUHY
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BHFRIIRS433
HeRGINAEREHSE
2223253333
b33 33

gHgandadadaan
FRRAFIREIRFFHHIS
GRdsadduntaRnIY
TR eI RIS 323
2232223333221
EEEE 2 ST E T3 1
BeanaadaHadIEH

Since we do not know what the off
repeatabilicy of the entcire £it (
by the accuracy cf the smallest o
sense to include 10000 edge point
poinzs from ancther (the local::z be on the crder ci
0.1/sgrc!50) pels, assuming randcm >.:..d. :C surZgpoxel lccalizacticn
accuracy of 0.1 pixel!.

t£,separacicn is, 1t tTurns out that the
~zaticn of the crcsshair! is bcunded

=z Zcur lines. It dcesn't make anvy

5 £rom cne ray 1I we only have 50 edge

We want tc ‘.:“.:3:_;::‘3

because we always war

highest accuracy and repeata: y e iz a N
occluded by a parzicular cblect {such 3s Iie ocrders that can e seen 1o
the database:, then 1f we use the exact same number ci pixels cn the

opposicze urnoccluded ray as the number cf£ pixels on the occluded ray, then

we will always be lock:ing at the same oD:ixels cn the uncccluded rav
Basizcally, since we dc noz know which 2dge pcints corraspend to
imperfacticons in the zarget ancd which edge pcints ccocrraspond ©O

valié points on the target, wWe use a DCCT-3Irapping a-goritnm tc

compute regions where ecdge pcints are VALIC

Assuming that the target 1s perfect wiinin the GUARANTIEZD GOOD

REGICN (center +/- SO pixels), we can ccmpucte Iour GCCD RAYS

characzerizing the four rays emixnating £rcm Che crisshalr center.
Then, we can use these GCCD RAYS tc defins the VALID REZGIONS (the
set of points wizhin a TIGHT_THRESHOLD cI the GCCD RAYS). Finally,
we improve the estimates of the fcur rays Ty going back and
enumerating edge points along the GCCD RAYS until we encounter an
edge point which falls outside the VALIZ RIGICNS.

g9 0

Definitions
GUARANTEED GCOD REGION
region surrounding the origin whera we insist that the calibration target

must be perfect

GOCD RAY
A ray £it to points snumeratad withlinl Iiie guaranteed gcod region

VALID REGION
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Regicn surounding good ray where we trust that the =2c¢ge poinis are due =3

the crosshair and not from occlusion or breaks

OUTLIZR POINTS
Points which we cannot trust because they do not £fall with
region

o the wval:id

CENTER OF CROSSHAIR TARGET

v cuclier
v edge points
RERBHHBBERIREAAFRBUARRARAAHRARA SR 3I33FH 3333344334484 ndvrrrews
BHHBHHBBHBIHHHBBIRSRUARBERARRAAIF R34 u 34t sqaaa88843
FEBHHLHBBBHHRUHURLFLRRRRBRRRB4483 8308344488

BRFIRUIYE <----------- GOOd ZAY =~ m == T e e oo >

RAREFRER

Badanadn VALID REGION

We are acdopting a dbetter-saie-than-scrry stratagy Ictr nandl:-ng
occlusicn (as scen as we see a "bad" pcint, we lcse faith oLnoall of
the subsequent points). Although this apprcach is sukcrtimal, the
datakase images seem t< ccntain nearly perisct points 2minating
from the or:igin that it should wcrk well In practice

Algcrithm
1, Use absolucte ncrmalized ccrrelaficnhi search o apgroximatels
locate the crosshair cencer
This involves construczting a synthecic mcdel ¢ a rzstatad
ossha centar {see grcosSs_.ccate crcssnalr centar Lo imag

2) Given this initial positicn estimata and the user-suppiiad crientaticn
estimate, improve the pcsi entational estimatas bv localizing
four good rays eminating £rom the crosshair center. This involves
enumerating edge points within the GUARANTEED GOOD REGICN (50 pixels)
along the supplied orientation as well as
theta+PI/2,theta+PI,theta+3*PI/2. These ccmputed four GCCD RAYS are used
in step 3 to check whether edge points are outliers. In other words, these
four good rays define VALID REGIONS senarac*ng good edge pcints (points we
believe correspond to the crosshair) {rom bad edge po.nts (points we
believe are due to occlusion or breaks) We should also pcint out that we
fix the orientations of the four rays by "averaging" these orientatlons,
i.e., we incorporate the ccnstraint that the four rays ccrrespond to
orthcgonal physical lines. (see

compute center_position_and_angle_assuming_Zour_ guaranteed_good_rays())

3) Go back and enmerate edge points along the four ravs until we £ind an
edge pcint which dces nct satisiy the VALID REGION constraint We also
throw out some of the edge zoints in order tc reallize equal numbers of
edge points £rom opposite rays. (see
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compute center_positicn_and_angle_alcng_guarantee

1"
w
0
0
[@]
1
o
)

When we enumerate edge poilnts alcng ravs eminating £r

cm the crig:in
we start out a small distance away £rom the origin sc that we dcn':

get confused by two different edges (this buffer zcne s
characterized by the constant CIRCULAR_BUFFER -ZONE_ARCUND_CENTEZR,
which is 10 pixels)

The central function in this algorithm is

enumerate_points_and_fit line_along_ray() which enumerates edge pcin
along a specified path. enumerate_points_and_fit_line_along_ravy!) a
calipers at sample points along the path (the edge est:mates czan be
further improved using parabolic subpixel interpolaticn! Along a spec:ific
path, enumerate_points_and_£it line_along_rayi{) alwavs makes integral unic

1Ts
plies

steps in either the x or y direczicn. This is sc that we can azgiy
axis-aligned calipers along everw row or column when tie st2p size 1s 1
enumerate pcints_and_ fit line alcng _ray., enumeratas 2Cge CCinIS
il 1t either enccunctars a tad =24ge pcint, cr finisna2s samt.ilng
the edge segment. At this gcint, 1 ceases snumerazing 242 SCLnT3
and £its a line to the pecints. Thare are Icur ways an 2<ge ScCLlnt
can be "bad". If enumerate pcints_and_ IiT_line alcng_rav
encounzers anv of these fcur s:izuazt:ions, i1t returns 2 altar Iitiing
the line; 1f it successfully enumerated all cf zhe edge pcints
along its specified course, it recurns 1

. no edge is fcund by the caliper accliad at the samp.2 peint

. more than one edge is fcund v the caliper and the highes:t
: s 2

(b
0]
0]
(1
¢
o]
3
c1
x
(DI
(D
o1
V3
)]

scoring edge :s 1 ps core of the seccnd nighest
scoring edge (this X ccmes Ircm the CONFUSICN THREISHTLD!

the ccmputed edge pcint is an cutlier (the distance Zzetween the
edge point and the nominal l:ine s 1 e 2

. the caliper extends outside 0of the cip_buffer

When we call enumerate points_and_£:i:_line_along_ray!; in step 1, we
specify a ray £rom a point near the crosshair center t< a peint 50
pixels away from the crosshair center. We do look at the return val
to check that the enumerate points_and_£i:t line_along_ray() did not
encounter any problems.

When we call enumerate_points_and_<£it_line_along_ray!') 1n step 2, we

specify a ray from a point close o the crosshair center along a

good ray to a point 1000 pixels away (guaranteed to be outside the
cip_buffer). Thereby, even - f we do not see any "bad" points, we
will undoubtedly leave tnhe cip tuifer at some point.

The reason we pass a calibration object to cwa_£find_zarget 1s that we
recompute the orientations of the four rays by incorpo
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that they all ccme £rom orthogonal l:ines. If the pixels are ncn-sguara
(i.e., by virtue of the fact that the CCD el 5

we need to account for this when we "awverage" th lentaticns. wWe
"average" the four orientations by transforming the :mage orientat:crs
into physical coordinates (and then truly averaging the physical angls
and then transforming the average angle back into image coordinates. We
try to use the term "phys" to denote physical ccordinates and "img" tc
denote image coordinates (such as phys_orient and img_crient).

are ngn-square:, then

a

We use different sized calipers for steps 2 & 3 because we make
different assumptions about the relative accuracies of our caliper
application points. We use the terms LCOSE and TIGHT =2 refer to the
calipers; LOOSE for step 2 where we have little faith in the
application points, and are thereby forced to use broad calipers, and
TIGHT for step 3, where we have much mcre faith in che agplicaticn
points, and can thereby use relatively tight calipers.

We expect the initial search positicn o be accurate =< I pels, and
the orientation estimate tO be accurata tc 0.035 rad:ians. AL a caliper
applicaticn pcint 5C pels away, tne ca.iper mav zZe 2II v up T S
pels £rom the ccrrect edge posizicn. Just o be sal2, w2 use a
lper wich prcrecz:icn lengtlh 24 (1l cn oeach side: IC 2numerit2 2Ige

points in step I

£fer improving the positicn and Crientaticn 2sTimata2s Lo s5Tar I, we
basically assume :thaz we've gcot the right positicn =c - - 0.2 pels
and +/- 0.01 radians. Thereby, we can use :these _ines =z thrasshcld
outliers because we would expect errors of only 2.2 gels at 100
pixels away. This is pretcy zight because we use a :thresnclid of 2.3
pels to detemine cutlilers

{actually, the C.2 pels, C.0L racdians cculd significantly ilmpact the
periormance cecause zhe first 50 gels and the ori2ntaticni estimacte
end up predemi:nantl:y affecting wnich 2dge points are inciuded 1o the

final line esz:matsas:
Main subrcutines -
gross_locate_crosshalr_center_:in_image !
construct a synthetic model of the crosshair and use search to
cics

estimate the crosshair o

fit_line_to_points (]
fit a line (x,v.,t) to an array of pcin

1
n

compute_subpixel position()
use parabolic interpolation at the neighborhood cf the application po:l
to compute the subpixel edge posit:ion

oints along a
sre the £cund
a threshc.Z are
viate from zhiis

enumerate_points_and_£it_line_along
line segment £rom start_point o 2n
edge points in an array. rurthermc
passed in as arguments, and when the =
nominal line by mcre than the threshol
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* is £it to the enumerated edge pos.tions. Enumeration s also stopped when
* two edges are found (confusion), no edges are found (cc
* the caliper is applied out of bounds (out of bounds:

clusion: or when

* average_four_image_orientations )

* average the orientations of the four rays to computs the best

* composite orientation estimate. This function transiorms the image
* orientations into the physical domain in order to expicit the

* ccnsctraint that the physical lines are orthcgonal

* compute_center_position_and_angle_assuming_£our_guaranteed_good_rays ()

* improve estimate of the crosshair position and orientaticn by
searching four regions of guaranteed good length (50 p:ixels)

* eminating from the crosshair center. Lines are fit to the edge

* points along the four regions, and then the orientat:cns of these
lines are "averaged". Two orthogcnal lines are computed by

* averaging pairs of the four rays Finally, the positicn estimate is

+ computed by intersecting the two orthogonal lines

* compute_centar_pcsiticn_and_angls_alcng_guarant
*+ f£irnal estimate of crocsshair pesiticn and crianta
* along four rawys {using four gccd rawrs as thresh
* tighter calipers (than we usec .o ste

* of the gccd ravys.

"

|20 DS R

#define N_EDGES 10

#define GUARANTEZED _GCCD_SIZE 50

#define GROSS_TARGET_SIZE GUARANTEED_GCOD_SIZE

#define NUM_SAMPLE_PCINTS 1000

#define LOOSE_THREISHCLD 1.2I.

#define TIGHT_THRESHCLD

#define LOOSE_CALIPER_WIDTH 24

/* ({int)2+{LCCSE_THRESHCLD+GUARANTEEZD_GCCD_SIIZZ*sin{0.25,.) =+ 2 (kermel;~
#define TIGHT_ CALIPER_WIDTH 14

/* ({int)3*TIGHT_THRESHCLD) + 2 (kernel)*.

* TIGHT_CALIPER_WIDTH should be larger than cthe minimum width sc that
* we check whether there is a sharp edge just outside the

* TIGHT THRESHOLD rangz2, because if there is a sharp edge just

* outside the TIGHT_THRESHOLD range, then we want to declare

* confusion and stop enumerating points

*/

#define LOCSE_CALIPER_PROJECTION_LENGTH
#define 'I'IGH’I‘__CALIPER_PROJECTION_LENGTH
#define MAX_NUM_POINTS 1000

#define EPSILON_THRESHOLD 0.05

#define CIRCULAR_BUFFER_ZONE_AROUND_CENTER (8.+LOOSE_CALIPER_?ROJECTICN_LENGTH)
#define STEP SIZE USED_TO_ENUMERATE_POINTS_IN_GOOD_REGICON 3

4define STEP SIZE USED_TC_ENUMERATE_ALL_PCINTS 1

#define MAX_LENGTH DIAGONAL_ACROSS_CIP_BUFFER 1000.

#define CONFUSION_THRESHOLD 3.

w wn
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/* aumber cf pixels :-o ignore when we run .ntc an cutliar -
#define OUTLIER_BUFFER 7
extern int cd_showas (int, charv¥);
extern double cwa_point_distance();
char* cy_prealign_cwa_£ind_target{) { return _FILE__
static int cwa_find_target_debug_£flag=0;
int set cwa_find_target_debug(int x)
int old_flag=cwa_find_target_debug_flag;
cwa_find_target_debug_flag=x;
return old_flag;
typedef enum calib_orient
CALIB_HORIZ=0,
CALIB_VERT
} calib_orient;
/* A Zrainling parameters reccrd £or Training rctated Crossnair mcda2ls .
STtatic ctr_params cwa_Calid_<corr_tD =
{ 2, /* make a binary mcdel (I grey lewvels’ .
0, /* no leniency v
0, /* den"t measure ang.e ..
5, /* default bilas ..
1, /* lef:c ta:il at 1% *
1, /* right tail at 1% .
5¢, /* threshcld, nct used Icr grey mcdels v
4, 4, /* mcdel resolution -
0, /* den't train for reader .
0, /* no angle training .
0, /* ditc s
0.9, /* no standard dewv:iation thresholding Ior statistics v
128, /* care threshold £cr mask training s
0 /* NO £lags set *
/* (do nct bother =o initialized reserved £fields: v/
static cse_params
cwa_calib_sp = {cse_absolute, cse_abs_binary, NO, NC, 1, 150, 1000};

/* caliper used to find more accurate positicn estimates oI edge
* positicns

v/

static
cclp_constraint cwa_find_target_gcs(l] =
{
{CCLP_CONTRAST, 9, 1000, 0, 100,

(&}

——
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/* static */
cclp_caliper clp find_target_initial search = |{

//'

LCOSE_CALIPER_WIDTH, /*

LOOSE_CALIPER_PROJECTION_LENGTH,/' Projection Length

Search Length */

2, /* Edge Filter Size .,
0, /* Edge Filter Leniency +/
10., /* Expected Size ¢/
EDGE_THRESHOLD, /* Contrast threshold =/
CCLP_DONT_CARE, /* El1 Polarity v/
CCLP_NO_PAIRS, /* E2 Polarity .«
CCLP_DEFAULT, /* Optimization */
8, /* Bits per pixel */

TRUE, /* Window Rotation ./

TRUE, /* Interpolate */

1, /* Number of contraints «~
cwa_find_target_gcs,/* Constraints ./
NULL, /* Pixel Map v,

0, 0, O

stazic v/

cclp caliper clp find_target_=iine_search =

b

TIGHT_CALIPER WIDTH, /*

Search Length v

TIGHT_CALIPER_PRCJECTICN_LENGTH, v Proccacticn _engIn
2, /* Edge Filter Siy:ce -

0, /* Edge Filter Leniency =+’
10., /* Expected Size ¢/
EDGE_THRESHOLD, /* Contrast threshcld ¢
CCLP_DONT_CARE, /* EX Polarity ./
CCLP_NO_PAIRS, /¥ E2 Pclarizvy i
CCLP_DEFAULT, /* Optim.zat:wcn .
8, /* Bits per pixel *

TRUE, /* Window Rctaticn *

TRUE, /* Interpolatsa v

1, /* Number of ccntraints *
cwa_£find_target_gcs, /* Constraints .
NULL, /* Pixel Map .,

o, 0, O

/* static v/
cclp_caliper clp_find_target_compute_subpixel = {

TIGHT CALIPER_WIDTH,/*

Search Length */

1,/* Projection Length v/
2, /* Edge Filter Size v/
0, /* Edge Filter Leniency *
10., /* Expected Size ¢/
EDGE_THRESHOLD, /* Cocntrast cthreshcid ./
CCLP_DONT_CARE, /* E1 Polarity .
CCLP_NO_PAIRS, /* E2 Polarzicy ./
CCLP_DEFAULT, /* Optimization .,
8, /* Bits per pixel *’
FALSE, /* Window Rotation v/
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FALSE, /+ Interpclate .

1, /* Number of contraints *
cwa_find_target_gcs,/* Constraints .
NULL, /* Pixel Map v/

o, 0, 0

/* make an image of a rotated center of a crosshair. this :mage :s
* used to train a model to search for the crosshair in an 1mage
* img - cip_buffer where rotated crosshair will be stored
* orientation_in_tenths - orientation of rotated crosshair in tenths
. of degrees
* returns img
*/
cip_buffer *make_cross_hair_center_image
(cip_buffer +img, int orientation_in_tenths)
{
cip_buffer win, *xhair=NULL;
cct_sigmal sig;

NO_REGISTER{xhair:;

if (!img)

cct_error (CGEN_ZRR_BADARG! ;
1£ (sig=cct_catckh{0))

goto dcne;

/* allocate a temporary cip buffar {xhalr: wnich will ccntain a
* non-rotated crcsshairs, and then use th:is temporary Iip zuller
* as a source ZIcr cip _rctata centerad
'I/‘ -

xkair = cip_creazalimg->widil*l, img->neight*l, 3 |

cip_set(xhair,0};

cip_window(xhair, &win, 2,0, xhair->width/2, xhair->nheighz. 2}
cip_set (&win, 253);
cip_window(xhair, &win, xhair->width/2,xhair->heighz/z,

xhair-»>width/2, 6 xhair->height/2};
cip_set (&win, 255);

cip_rotate_centered(xhalr,img,orientaticn_in_tanths;;
done:
if (xhair) cip_delete(xhair!, xhair=NULL;

if (sig) cct_throw(sig);

return img;

/* construct a synthetic image and use search tc Iind & Iross estimate

* of the center position of the crecsshalir center
* we expect that the synthetic model will be accurate =2
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* approximately 1 pixel, and therefore, this search rouz:ine shculd

* localize the center to approximately 1 pixel

* img - image ccntaining a rotated crosshair

* orientation_in_tenths - orientation of rotated crcsshair in tenths
* of degrees

* res - pointer to cwa_point where result will be stored

* gross_locate_crosshair_center_in_image () returns Int signifving

L 4

whether or not it found a crossha:ir
t/ R
static int gross_locate_crosshair_center_in_image
(cip_buffer *img, int orientat:ion_in_tenths, cwa_point +*res)
cip_buffer *target=NULL;
cse_model *mdl=NULL;
cct_signal sig;
cse_results cse_res;
int ans;

NO_REGISTER (target);
NO_REGISTER{mdl

2

i {sig=cct _catch0)
goto done;

mdl = ctr zrain model'targez. C°. T 2, $, 1. T, &Zwa_zalib_ccrr_tg O
Ccse_area_search(img, mdl, &<wa_TallZ_sSy. 4Sse_res!
iI (cwa_find_target_debug_ZIlag & T:l

crintf{"sd %2 %¥d %d\a",

cse res.X,Cse res./,cse ras.scTra,Ise res.icund!:

res->x 1.*{GRCSS_TARGET_SZIZE.Z ~+ CIA_RNDls (cse res.x.n:
s

res->y = 1.*(GRCSS_TARGET_SIZE'Z -+ CIA_RNDlé cse_res.y.nl i
done:
if (target) cip_delete{target), target = NULL;

ctr_delete_medel (mdl), mdl=NULL,
(sig) cct throw(sig);

&
if (mdl)
£
return cse_res.found:

/* compute distance f£rom a point to the closest pcint on a line +/
static double distance from point to_line(cwa_point *pl, cwa_. ne *1l1]

{
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2.y pl->y;

12.¢ 1l1->t + PI/2;

cwa_lines_to_point(ll,&l2, &p2)

return (sgrt((pl->x-p2.x)*(pl->x-p2.x) +
(pl->y-p2.Yy) *(pl->y-p2.Yy)));

/* Fit a line to an array of points */
static double fit_line_to_points
(cwa_point +*pts, int n_points, cwa_line *line)
{
int j;
double xsum=0.0, ysum=0.0, xcent, ycent;
double a, b, ¢, theta, xp, yp:
cwa_point *ptr;

if (n_points < 2)
cct*error(CWA_ERR_NO_INTERSECT);

for (j=0, ptr = pts; j<n_pcints; j+-, DpIr--

i (cwa_£:ind_target_debug_Zlag & Joxl:
princf("%< %¥£\n",ptr->x,.ptr->v!

XSUum += PLr->X;
ysum +s pLr->y;

}

xcent = xsum / n_points;

ycent = ysum / n_points;

for (j=0, ptr = pts, a=b=c=0.; 3<a_pcints; l--, ptr-- |
Xp = ptr->x - Xcent;
YpP = DLI->yV - vcenc,

a += Xp * xp;
b += 2 * xp * yp;
c

theta = atan2(b, a-c) / 2.0;

line->x = xcent;
line->y ycent;
line->t theta;

if (ecwa_find_target_debug_£lag & 0xl) {
princf(“fit_line_to_points returned: %I",
(a*cos (theta+PI/2) *cos(theta+PI/l! +
b*cos (theta+PI/2) *sin(theta+PI/2) +
c*sin(theta+PI/2) *sin(theta+PI/2) ' /n_pointsi:
cd_showas( (int)line, "cwa_line");
}
return ((a*cos(theta+PI/2) *cos{cheta+PI /I~
b*cos (theta+PI/2) *sin(theta+PI/2) ~
c*sin(theta+PI/2) *sinf{theta+PI/ 2) ;. /n_poiats;;
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static int print_list _of points
(cwa_point *val, int num_vals)
int i;
for (i = 0; 1 < num_vals; i+-)
printf("%f $f\n",val(i].x,val{i].y);

/* calib_orient_from_angle() returns CALIB_VERT or CALI3 XHO

* depending upon the orientation (measured in degrees) ci
* purpose is to determine whether we need to use a verticzal o
* horizontal quadratic subpixel edge interpolation
*/

static calib_orient calib_orient_Ircm_angle(dcukle angle

{

_xn_degrees)
double angle_in_rad;

angle_in rad = angle_in_degrees+*?I 180.
1f (fabs(ccsiangle_in rad:. »
fabs(sin{angle_in_rad;
return CALIB_VERT;

return CALI3 _HCRIZ;

/* ccmputes sukpixel edge pesiticns Fiven an image and 3 na.ghnbcorncod
* (ap_x, ap_y) to search for an edge. Depend:ing ugcn the

* orientaticn_in_degrees, ccmpu:e subpixel zcsiticni) will 2ilther
* pericrm a vertical cr ho cntal suklpixel edge asct:
* edge positions are computed i~ The same manner a
* tracker (using 7 neighbcr: Zs, and T diii=s
* we quadratically interpolac
* differences.

»
.
»

* We compute a seven first dI
* guarantee that the computed ca
* 1st difference (because we're us

img - cip_buffer containing image of crossha:r target

*

ap_x,ap_y - application pcint where we sample image grey wvalues
- actually, we sample grey values at the apriication
* point and +/- 2 f£rom the application point (mavbe we
- should sample at +/- 4, who knows
* orientation_in_degrees - orientation of caliper which has been applied
* to €ind this applicaticn point. Since we
* only want to call subpixel interpolat:ic
* at the right place, we suggest using
*

on-axis calipers
* pos_x, pos_v - pointers to doubles where
* compute_subpixel position{; will store resul:
*/
int compute_subpixel position
(cip_buffer +img, int ap_x, int ap_v,
double orientation_in_degrees, double *pos_x, double <*pcs_v)
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nt pO0,pl,p2,p3.p4,pS,p6.,p7;
int d0,d1,d2,d3,d4,d5,d6, d_max, d_min;
calib_orient direction;

if (cwa_find_target_debug_£flag & Oxl:
printf {"compute subpixel pcsiticn callad witn ¥d 5d %I ¥x ¥xonv,
ap_x,ap_vy.orientat.icn_in_degrees,pcs_X,pCs_V'
i1f (ap_x < 4 ||
ap_x > img->width-4 ||
ap_y < 4 ||
ap_y > img->height-4){

return 0;
}
/* should we sample hor:zcntally or verczizall., v/
direction = calib_orient frcm_angleicrientat:cn_:n degraas
if (direczicn == CALIB_HCRII!!
pO=*(img->ratfapr y-+)+-img->x_ciisez-ac
pl=*(img->rac{ap_v-3;+img->x_ciisec-ag_x
p2=*(img->rac{ap_vy-2)-img->x_ciisez-ac_x
p3=*{img->ratiap_v-.l+img->x_ciisec-ac_x
p4=*(img->ratlap_v!-img->x_cffsez-ar_x
pS=*(img->rat{ap_v+i,-img->x_ciisect-ag_x
p6=* (img->rat{ap_y+2l]+img->x_offsecz+ap_x
p7=*(img->rat{ap_y+3i+img->x_offset+ap_x, ;
dO=pl-pC:
dl=p2-pl;
2=pl-p2;
d3=p4-D3;
d4=pS-p4;
dS=p6-pS;
d6=p7-ps;
d_max = max(dO,max{dl,max(dl,max{d3, max(ds, max{ds,de! . 1! ;

d_min = min(d0,min(dl,min{d2 . min{d3,min{d4, min(as,d6;' "} ;

i£ (-d_min > d_max) {
do=-d0;
di=-d1;
d2=-d2;
d3=-d3;
d4=-d4;
ds=-ds;
de=-d6;
d_max =-d_min;

(V1]

*pos_x = ap_x*.. - 2.

/* If we're at a maximum recurn the sufpixel positicn -,
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1f (d_max > EZDGE_THRESHOLDI

if (dl == d_max && d3 != d_max}{
*pos_y = ap_y + cz_parficidC,dl dl) '65536.-2..
return 1;

} else if (d2 == d_max && d4 .= d_max)/{
*pos_y = ap_y + c~_pa--‘:{dl,d:.d3)/65536.-;.;
return 1;

) else if (d3 == d_max && d5 != d_max} {
*pos_y = ap_y + cz_parfic(d2,d3.d4).63336.;
return 1;

} else if (d4 == d_max && d6 '= d_max) (

*pos_y = ap_Yy + cz_parfit(d3,d4,dS5)/65536.+1.;
return 1;

} else if (d5 == d_max)

*pos_y = ap_Y + cz_parfic(d4,dS5,d6;/65536.+2

return 1;
/* If£ we're not at a maximum, return 1 scmethiing 53 wWIohng
./
recturn J;
1
\
]
i e‘se {
*(img->raciap_vyl-img-»>x_sifser-ag x-a. -
pl—'(;mg >rat(ap_yl+img->x_ciiset-.ar x-:
p2=*(img->rati{ap_v!-img->x_offset-ap x-I

p3=+*{img->rat{ap_y!-img->x_ofisez-ag x-_
p4=*(img->rat{ap_vl+img->x_cifset-ap_x:
pS=*{img->ratfap_vyi-img->x_cffset+ap_x-.'
pé=*{img->ratlap_yl+img->x_offsect-ap x-I.
p7=*(img->rat(ap_y!-img->x_ofiset~ap x-3';

d0=pl1l-p0;
dl=p2-pl:
d2=p3-p2;
d3=p4-p3;
d4=pS-p4:
dS=p6-pS;
d6=p7-pé6;

d_max
d_min

ax(dC,max(d.,max(d2,max{d3,max(d4,max(d5,d6;}
in(do,min{dl, min{d2, min{d3,min(d4.min(d5,d6: )

]

if (-d_min > d_max) {
d0o=-d0;
di=-d:;
=-d2;
d3=-d3:
d4=-d4;
ds5=-ds;
d6=-d6;
d_max =-d_min;

}

/* 1f we're at a maximum, compute the sufpixel positicn and
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* return I
*/
*POosS_Yy = ap_y*l. + 0.5;
if (d_max > EDGE_THRESHOLD) {
if (dl == d_max && d3 != d_max) {
*pos_x = ap_x*l. + cz_parfic(d0,d1.d2)/65536.-2.;
return 1;
else if (d2 == d_max && d4 != d_max] {
*pos_x = ap_x¥1l. + cz_parfic(dl,d2,d3)/65536.-1.;
return 1;
else if (d3 == d_max && dS5 != d_max
*pos_x = ap_x*l. + cz_parfic(dl,d3.d4)/653536.;
return 1;
else if (d4 == d _max && d6 != d _maxi/
*pos_x = ap_xvl1. + cz_pari:c!di 35,25 .55335. -
recurn 1.
1
/
else 1I !dS == d_max::
*pOS_X = ap_X*l1. - Ccz_pariiz:cd4,d5.46..55335. -2
return 1;
/* If we're not at a maximum, scmeihing's wrcong, and recurn
*/
recturn 0;
\
!
)
enumerate_points_and_Iit_line_alcng_ray!) enumerates edge pcints
along a ray from a start_pcint tc an end_gcint by using caiipers

(and possibly subpixel interpolation) to compute edge positions
enumerate_points_and_£it_line along_ray(i continues enumerat:ing
points until one of the following conditions occurs:

0. we reach the end_point
no edge is found by the caliper
2. more than one edge is found by the caliper and the highest

[

scoring edge is less than twice the score of the second hignest

scoring edge (this 2X comes £rom the CONFUSION_THRESHOLD)
3. the computed edge point is an outlier (the distance between

edge point and the nominal line is larger than threshold)
4. we run off the cip_buffer (screen)

er it has enumerated the edge pcints, 1t then calls
_points_to_line to compute the cptimal line estimate

)
-t
(e N o)

img - cip_buffer containing a crosshair target
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* starz_pcint,end_point - define region alcng whizh <T agply faligers
* nominal line, threshold - used tc determine whether an =2dg2 gcint
> is an outlier (and ccnsequently 2nd che
- enumeraticn of edge points). The cuz.:2r
* test involwves check:ing whether zhe
* distance from the point £ the
* step_size - frequency of edge point sampling. Since we wani =2
* evenly sample the lines, we move step_si.ze number cof
* pels in the larger direction f{and a fracticnal number
* of pels in the other direction). This approach provides
* even sampling assuming we are doing on-axes caliperin
o or parabolic subpixel interpolation

* search_caliper - caliper used to search for edge points

* computed_line - cwa_line where result will be returned

* enumerated_points - optional array of cwa_points where Icund edge
* points would be stored

* num_points - pointer to an int where the number of Zzund zcints

v would be stcred

[ 3
(o8
(o]

|
4
o]
-
x
1)
'.—.l
|
Ve
3
(8]
{D
d

'
m
’4
o
n
0
34
[
t
n
n
1
®
'
)e
t
’.l
9]
ve]
S
oy
M
(R}
h
"

static int enumerac

(cip_tuffer +img, cwa _DOoLnT, Cwa_zScint veni _SCLnt
cwa_line *nominal_ l: o] d, dcubla sta2p sic2
cclp _caliper *search cal:iper, cwa_l:ine wcomputed line, IWa_ISCint
*enumerated points, Int *num_coints, I1nt do_subpixel interc
{

int 1,3.,k;

double maxAbsCosSin;

cwa_point ap_point, Tenum_sTint, vec,

int ap_x, ac_Vv:

cclp_results res_

cclp_params cgpo = 12, N_EZIGE3, T

double cclp _angle;

int num_samples, tmp;

double caliper_vert;
ct_signal sig;

cwa_line sampling_l:ne;

1£ (cwa_find_target_debug_=flag & 0xl){
printf ("enumerated_points_and_fit_line_alcng_ray called withi o'l
printf("img %¥x start_point %f %f end_point %I %f'n",
img,start_point->x,start_polnt->y,end_point->x,end pcinit->Y);
printf ("nominal line %f %£ t %f threshold %In",
nominal_iine->x,ncm;nal_l;ne->y,nomlnal_L;:e->:,:h:eshc;cl:

/* Compute the sampling line */

sampling_line.x start_point->xX;

sampling_line.y start_point->y;

sampling line.t atan2 (end_pcint->y-start DOIRC->Y,

"

end_point->x-sStart_pCint->x!;
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/v Compute the step which 15 integral o x or v cccoriinactas

*/
if (fabs{cos(sampling_line.t;: > fabsisinisampl:ng_l:ne.t

maxAbsCosSin = fabsiccs(samcl:ing_line.z:!
else

maxAbsCosSin = fabs(sin(sampling l:ne.z)};
vec.x = (cos(sampling_line.t)/maxAbsCssSin ! * step_s:ize;
vec.y = (sin(sampling_line.t) /maxAbsCcsSin) * step_si:ze:

/* Compute the number of samples which we will be mak:ing
v/

num_samples =

max (abs ( (int) {start_point->x - end pcint->x)
abs((int) (start_point->y - end goint->y
step_size;

1f£ (!enumerated pcints)
enumerated_pcints =
(cwa_pcint *)chp_allocainum_samp-.2s*sizeci 'cwa_zcint

1£ (!num_poincs;
aum_points = tmp:

cclp_angle = sampling_l:ine.z<+130../2I-39C.;

if£ (do_subpixel_interpi
i£ (calib_orient_from_angle cclp_angi=s. == CALI3_VERT!
cclp_angie = 0;
else cclp_angle = 90:

}

1f (cwa_£ind_target_debug_£lag & 0x1.
printf{"cclp_angle ¥In",cclp_angle::

/* Inner Loop: Enumerate edge pcints

*/

for (i = 0, ap_point.x = start_point-»>x, ap_pcint.y
start_point->y, enum_point = enumerated_pcints,
*num_points = 0;
1 < num_samples;
i++, ap_point.x += Vec.Xx, ap_point.y += 7vec.y, enum_DCiits.,
(*num_points) ++) {

ap_x = (int) (ap_point.x +« 0.5);
ap_y = (int) {ap_point.y + 0.5);

if (cwa_find_target_debug_Zflag & 0xlj
printf{"ap_x %¥d ap_y %d\n",ap_x.,ap_v!:
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res_h(0}.Zcund = res_h{il}.found = 5
/* cip_transform throws CGEN_ERR_BADARG, CIP_ERR_PELACDR,
* CCLP_ERR _FIT when caliper region =xtands pasz the zounds oI
* the cip_buffer. We want tc break off the search a:t zhss
* point anyways, so we catch the error and jump tc £:iz:t:ing a
* line to the points
*/
if (sig = cct_catch(CGEN_ERR_BADARG) )
goto fit_line;
if (sig = cct_catch(CIP_ERR_PELADDR) )
goto fit_line;
if (sig = cct_catch(CCLP_ERR_FIT}!
goto fit line;
cclp_apply
(search_caliper, img.ap_x, ap_v. ZIIlg_angl2, iIts. r2s o

cct_end (CCLP_ZRR_FIT);
cct_end(CI?_ZRR_PELALCR, ;
cct_end (CGEN_EZRR_BADARG: :

/* check if edge is not found -+
if (‘res_h{0].£found)
goto £it _line;

Cx Cmriems .
a A ONFUSION o+

/* check 1f mcre zkhan 15 found I o

if (res_h(i} .found &&

res_n[0] .score < CONFUSICN_THRESHCLD*res_h il .scors:

1f (cwa_£ind_target_debug Ilag & dxli.!
cd_showasi(res_h,"cclp results®;:

cd_showas(&ares_h{l;,6 "cclp_resulzs":;

}

goto f£i:_line;

15}
O
9
1
(L
0

}

if (cwa_find_target_debug_flag & 0Oxl) {
printf('ap_x %¥d ap_y %¥d angle %¥f pcs %i\n",
ap_x,ap_y,cclp_angle,res_h{0] .posizicn);
if (fabs(res_h{0).position) > 1.){
cd_showas (res_h, "cclp_results");
cd_showas (&res_h{1l],6 "cclp resulzs"!;
}
}

/* compute the subpixel point measured by the caliper <«

enum_point->x =
ap_x + 0.5 + res_n(0] .position~cosicclp_angle*PI 180},
enum_point->y =
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ap_y - 0.5 + res _h{C} . posicicnesincclg anglav2l 120

if (do_subpixel interp) |
if (!compute subpixel pcsizich
(img, (int) enum_point->x, (iat; enum_poinI->Yy.
cclp_angle, &enum_poilnt->x, &enUm _point->y'
goto fit_line;
1f (cwa_find_target_debug_Ilag & Jxl)
princf ("compute subpixel position recurned %I ¥f'.n",
enum_point->x,enum_point-sy) ;
}
#endif
/* check 1if the point is wichin the ACCEPTABLE REGICN
t

* (within distance threshold of the nominal line

1f (distance_frcom _peint _tco_linetenum _pcinI, DnSMInal Line! >
chresnold)
goto £:t line;
)
£ Vo
/* £ic a line zz cthe pcints and return - I we anccuntarad
* any bad pcincs, return 1 CTnerwlise

€ic_line_to_po:in:
(enumerated_pcints, *num_pcints, Somputed l:ne.

——

£ (x > 0)

return (int! {x+0.5};
else

return(int) {(x-0.5);

/* average two orientations but take Into acccunt that crientatien
* mod PI are equivalent
./
static dcuble average two _orientaz:cns‘dcuble crient_i. double orzent 2
double diff, res:
int modDiff;

if (cwa_£ind_target_debug_£lag & 0xi!
(ravg %f %f ", orient_1l,orient 2);

Le]
]
’l.
B]
It
th

diff = orient_2 - orient_l;
modL:ifS{ = round number (diZf,/?I;
res= {{orient_l-orient_2-modD:f

tn -

- fAay
-~ &

D
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/* compute angle in alternat:yv

'/'

double zransform_angle_according_to_c

]

(priv_zransform *map, double :mg_orientaticn:!

{

double realSin, realCos;

cz_transformPoint (map, cos

&realCos, &realSin
urn(atan2 (realSin, realC

*
-

re

average the orientat:ions

-~
>

* ccmposite orientation estim
* image rays (the rays should
* wiIh each other!, ccmputa <
* crientaticns are al:igned wo
* characterized a ncrizcntad
* snifzed by PI.'Z Tz beccme -
* orientat:icas
* This function transicrms o
* orlentat:icns i1ntc the phnvs:
* ccnstraint that the phys:ica
*/
static dcuble average fcur ima
(cwa_calil +*calip, double vimg
wnt oI
double phys orient 4,, avg
* First, transicrm anglas
v coordinates

(L 0; 1 < 4;
pnys_orient [i]

transiorm_angle_acco

(((priv_cwa_caiib *:

1 (cwa_find_t €

_debug _

img_c

‘

)

as) ) ;

a

PCT/US97/18268

mag

lentat:icn),sin(img_crienzaticnt,

2 .mage
zal dcmawn i crder To 2xtl
Z lines are crthcgenal
C2 2r12nT3TLCnhs
crient
_ohys orient,avg _img_oriant;
from 1mage ccorcdiantes to

rding_=o_callbratcion_map
rFet

[

calik)->map.img orient

lag & 0Oxl:

for (1 = 1; 2 < 4; i1+~
printf ("$£€\n" phys crient i)'
/+* Shift orthogonal angles by PI/2 in order ro line ur with the
+ £irst orientation
'/'
Sor (i = 1; 1 < 4, 2+~
if (fabs(sin{phys_or:xent (1] -phys_crient () !>sgrz .C.3!
phys_orient (i) -= 227/2;
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/* average the or:entat.ons *
avg_phys_orient =
average_two_orientations

/S

)
o
V)
(R}

(average twc_orientaticns .phiys_cri=2nt’

average_two_orientationsiphys_osriant|

e
. Bh
phys

(O]

I

)
L]
o]
«
W

/* compute the orientation ir
*+ the averaged or:entation
*/

avg_img_orient =

transform_angle_acccrding_to_calibration_map
(((priv_cwa_calib *)calib) ->inv_map,avg_phys _orient!:

9]
-
3
o
Q
1]
()
0

crdinates correscending to

if (cwa_find_target_debug_£lag & 0xl)
printf ("phys %f img %£\n",avg_phys_or:ient,avg_img crient) ;

-

return avg_img_orient:

/* compute the image cSrientaticn ICr whilch The $ovsical crianTazich
* is crthogonal to ancther Image orientatichn

./

static dcuble image_ncrma._to_image_anglz2

(cwa calib *calib, dcuble :img crient

recurs
(cransfcrm_angle_according ‘tS_cal:ibration_map
({{priv_cwa_cal.b <. cal:ib -»>.nv_mag,
transfcrm _angle acccordoing O _califraticon _map

/'

* compute_center positicn_and_angle_assuming_Icur_guaranteed_good_ravs i)
improve est:imate of the crossha.r position and orientaticn by
searching four regions of guaranteed good length (50 pixels)

eminating from the crcsshair center. Lines are £it to the edge

points along the four regions, and then the orientations of these

* lines are "averaged". Two orthcgcnal lines are computed by

* averaging pairs of the four rays Finally, the pcsiticn estimate 1is

* computed by intersecting the two orthogonal lines

*

+ & %

*

img - cip_buffer ccntaining an image of a crosshair target
calib - cwa_calib object character:z:ing pixel non-rectangularity
estimated_ctr_img - estimated position (given in image

coordinates) of crosshair target {(computed in step 1)
estimated_orientation_phys - user-supplied orientation estimate

(given in phnysical coordinates)

* guaranteed_good_distance - length (in pels) of guarateed good
. regicn extending outward frcm the orig:in
* computed_center - strulture where ccmputed position will be stored

+ & & & 4
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dcublie where ccmpuzed
physical coordinates;

cwa_line struc es where gocd ravys

computed_or:enta
wWill

[
SR04

good rays - array of four

M (lines £it tc sampled edge po:nts :n the gccd regicn;

hd will be stored

*/
static int compute_center positicn_and_angle_assuming_£our_guaranteed gcod rays
(cip_buffer *img, cwa_calib *calib. cwa_point *estimated_czr_img, doukle

e
L0535,

estimated_orientation_phys, double num_guaranteed_good_po
cwa_point *computed_center, double *computed_orientaticn_phvs,
cwa_line *good_rays)
{

int 1i;

double angle(4];

cwa_point start_point (4], end_poinc(4];

cwa_line computed_linefl4], ncminal_l:ne;

double img_angle[4],angle_horiz _l:ne:

angle[0] = estimated or.entaticn_phvs;
angle (1] = estimated ori=2ntaticn_phys+2I.7;
angle (2] = estimated_criantaticn_phvs-2I,
angle (3] = estimated crientaiicn_chvys-2I*1.%
/* We define the 5C pel GUARANTEEZZ GCCC REGICN :n terms I 2
* VALID REGICN so that we can use
* the enumerate points_and_<£:it Z:ne_along_rav’: funczicn
* If we're sampling along a line and we want TC STOC sampling
* afcer S50 pels, then we can use a nominal line which .5 ncrmal
* =0 and passes thrsugh the star:t point, and a tareshcld I 58
Q/'
nominal_line.x = estimated_cII_img->X;
nominal_line.y = estimatad_cIir_i1mg->Y
/* The passed crientatisn is given i1 physical cocrdinates -
for (1 = 0; i < 4; 1++)
angle[i] = transfiorm_angile_according_to_cailpratlion_mag
(((priv_cwa_cal:b *)calib)->inv_map.,anglelij};
for (i = 0; 1 < 4; i++)1
/* The sampling region begins at the pcint a small distance
* away from the crecsshair center
* (CIRCULAR_BUFFER_ZCNE_AROUND_CENTER; to be exact, and
* extends out to guaranteed_goocd_distance from the center
*/
start_point({i] .x = estimated_ctr_img->x +
CIRCULAR_BUF?ER_ZONE_AROUND_CENTER'cos(angle{i]?;

start_point(i].y = estimated_ctr_img->y «+
CIRCULAR_BUFFER_ZCNE_AROUND_CENTER*s:n

end_point{i] .x = estimated_ctr_img->x «
num_guaranteed_gced_points*cos(angle(i];:

end_point (i] .v estimated_ _img->y «

Tvvy .
[P APE

angle

~
cCr
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nominal_line.t angle (1] +PI/Z;
enumerate_points_and_fit_line_along_ray
(img, &starc_point(i], &end_pcint i) &
num_guaranteed_good_points,
STEP_SIZE_USED_TO_ENUMERATE_POINTS_IN
&clp_find target_initial_search,
&computed line(i],NULL,NULL,0);

ncminal

3COD_R

img_angle (1]

computed_line(i].t;

PCT/US97/18268

M)

A TANT,

LoV o

1

nel ).,

cu_copy (&computed_line (i), &good_rays(i],sizeof (cwa_

/* average the angles +/

angle_horiz_line
average_four_image_orlentat:ionsicalib, img_angle. :

N
-

£ (cwa_find_targec_depug_£1l

printf("average %f %<£ %£ %
img_angle{0],:mg_ang
angle_horiz_l:ine!;

-

-

/

/* average the

ravs *

computed
computed_l:in
cemputed_lin
ccmputed_lin
cemputed lin
ccmputed li

(ccmpuced_l:n
(computed_ l:
(compuczed
(compuced
anglile hcr

Aol

image_ncrmal_

1
]
1

<

a g

-

P}

ot

-h :

L.

compute

/* £ix the orientations of

“average" orientat:ion

/
/

good_rays(0] .t = good_rays(2].t

*

*

angle_horiz_line;

*computed_orientation_phys
transform_angle_according_to_calibration_map
(((priv_cwa_calib *)calib)->map,angle_horiz_line)

good_rays (1] .t good_rays (3] .t
zransform_angle_according_to_calibraticn_map
(((priv_cwa_calib *)calib)->1nv_map,

*computed_orientation_phys+PI/2);

al
D,

/* Compute the two intersecticns
* circle and line intersect. I£
* intersection, signal CWA_ERR _NC_INT
v/
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double radius,

cwa_poilnt *res_2!

dcuble angle_to_line, distance_tc_line,

angle_to_line = line->t+PI/2;

if ((cos{angle_to_line)*(line->x-pt->x)+
sin(angle_to_line) *(line->y-pt->y)) < 0)

angle_to_line += PI;

distance_to_line =

if (distance_to_line >

cct_error (CHA_ERR_NO_INTERSECT) ;

angle_to_point_on_line =

res_l->x = pt->X +

radius+*cos(angle_to_line+angle tc_pcin:t _on
res_l->y = pt->y +

radiusvsiniangle_to lineranc.e tCo_Dcint_con
res_2->x = pt->Xx +

radiusv*ccs iangle_to_
res_2-»>y =
radiusvsin{angle_=c_line-angle tc_pcint _zon

pr->y -«

compute_center_positicn_and_angle_aiong_guaranteed _gccd_ray

generate final estimate oI

enumerating pcints along Icur rays (using fou
thresholding lines). We use t:ghter calipers

posizions of the good ravs.
img - cip_buffer containing an :image of a cro
calib - cwa_calib object characterizing pixel
estimated_ctr_img - estimated position (given
coordinates) of crosshair

scep 2!

good_rays - array of four cwa_line structures
(lines fic to sampled edge points

PCT/US97/18268

cwa_point *ras L.

distance_£from_point_to_line(pt,l:nej:

(radius - EPSILON THRESHOLD)®

acos (distance _tc line/rad:ius. ;

sshair targe:
non-reczangul
in image
carget {(ccmputed in

where gccd rays
in the gocd region)

will be
tight_threshold -

computed_center -

stored

threshold used for determining outl:er
with respect to the good rays
structure where computed position will

points

e stored

computed orientation_phys - double where computed orientat:on (in

physical coordinates) will be stored

static int compute_center_position_and_angle_along_guaranteed_good_rays
(cip_buffer *img, cwa_calib *calib, cwa_point *estimated_c:ir_img,
cwa_line *good _rays, double tight_threshold, cwa_point
*compuced_center, double *ccmputed_orientacion_phys,
double +*feature_score)
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int i;

double angle{4];

cwa_point start_point (4], ,end_gointi4l:
cwa_line computed_line{4];

double img_angle(4],angle_hor:z_line;
int num_enumerated_points (4] ;
cwa_point possible_start _points{2
double avg_squared_error;

!, enumerated pcintsi4] ‘MAX NUM_POINTS] ;
if (cwa_find_targec_debug_flag & 0x1)
printf ("compute_center_position_and_angle_alcng_guaranteed good_rays\n");

for (1 = 0; 1 < 4; 1++){
double distance_to_center, radius,orientat.on_away_<Irom_centar:

/* For each ray, we need to determine wha:t the sampl:ing
line should be

* We do this by intersect:ing the ray wizh a circls

* centered at the crcssha:s

* S:ince there are twC LnTars ~2 need Tz

v determine which cne s the Zhe sampling
* line

* It turns out That we Zan 3imply SiCK The Lntarsscoiin
* point which is closer =c the canzer cf the rav

*/

distance_to_center =

distance_from_poin

(8}

_To_lineflestimated _ctr_1mg, iGood_ravs{i..:

radius = sqr: (CIRCULAR_3TTFFER_ICNE_ARCUNC_CENTEIR®
CIRCULAR_BUFFER_ZICNE_ARCUND_CEINTIZR-
diszance tc centervdistance -c center:

intersec:z_l:ine_and_circleligocd_rays (i), 2stimated cIir_img,

radius, ipossible_star:z_pcints (0],
&possible start_zeints (i)
1f (cwa_point_distance
(&possible_start_points{0], (cwa_point *:igcod_rays{il:c<
cwa_point_distance
(«possible_start_points(l], (cwa_point *)&good_rays(i]))
cu_copy (&possible_starc_points{0}, &start_point(i],
sizecf (cwa_pointi);

else
cu_copy (&possible_start_points(l], &start_point (i},
sizeof (cwa_pcint!);
/* Now, we have to determine which way we should travel along
* the ray (good_ray(i! .z or good_ray(i].t+PI
* We determine which way by comparing che start point with
v+ the center of the gccd ray

*/

orientation_away_£rom_center = good_raysi{i}.z;
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if ((cos(orientat:ion_away_£rom_center!+
(good_rays(i] .x-estimated_ctr_img->X, -
sin(orientation_away_£rom_center)*
(good_rays i) .y-estimated_czr_img->y:. <
orientation_away_from_center = PIL;

(@)

end_point [i] .x = start_point [i].x +
MAX LENGTH_DIAGONAL_ACROSS_CIP?_BUFFER*
cos (orientation_away_from_center) ;
end_point (i] .y = start_point(i].y +
MAX LENGTH_DIAGONAL_ACROSS_CIP_BUFFER®
sin(orientation_away_from_center) ;

if (cwa_find_target debug_flag & 0xi) {
printi(“center %£ %¥f good_ray %f %£ %I distance %I'nv,
good_rays[i] .x,gocd_rays(i|.y,gccd_raws i) .z,
distance_to_center!};

prinzi{“%f ¥£ %I %< qv,

start_gcint i) .x,start_gzcint L,
end pcint i) . x.,end_pcinz (i) .V
- o

enumerate_points_and_<Iic_line_along
(img, &start_pcinc (i) o] o
tight_threshold,
STEP_SIZE_USED_TO_E
&clp_£find_target_
/*&clp_£ind_targec_c _
&computed l:irelil, &enumerac
&num_snumera o L

img_angle{i] = ccmputed linei:] .z

re )

a
t

5
f)
1
[
rl
"y
0
v

4
[72]

rh |
Ve
J
1]

4l
0
L -

/* For each pair cf crposite ravs, use the closest goints sc that
* we use the same number oI points on both sides oI the

* crosshair center

* Since we don't know why the last edge point became inwvalid, we
* skip the neighboring 2 points just to be on the safe side

num_enumerated_points (0] = num_enumerated points (2]
min (num_enumerated_points (0], num_enumerated_points

{2 -CUTLIER BUTFFER;
num_enumerated_points (1] = num_enumerated peints{3: =
min (num_enumerated_points(l],num_enumerated po:ints {3’ -CUTLIER_BUFFIR;

/* Re-£iz lines =z =hcse points */
avg_squared_error = 2;

for (i = 0; 1 < 4; i+=){
double f{it_error;
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fit_error =
fit line_to_points
(¢enumerated_points{i] {0], num_enumerated coinzs:i.
&computed line(i]);
avg_squared_error += fit_error’ 4
img_angle(i] = computed_line{:i!l.

t ~.

*feature_score =
cz_map_average_squared_error_to_max_1000(avg_squared_error!;

/* Average the four rays by averaging the posizions and
* orientations

*/
computed_line (0} .x = (computed l:ine{0].x + computec l:ine(Z).x},Z;
computed_line (0] .y = (computed_l:ne{0].y + compuzed_line(2).y). =
computed_line(l) .x = (computed l:inell].x + compuced line!l!.x!,/2;
computed line{l} .y = {(computed_l:nell] .y - compuzad l:in2 3] ol

_image_orientaticns:icalil,img_angl2
0) .t = angle_hor:z_line;

Zo_image_angl2 zaliz,angle _hRcorii_line:

cwa_lines_tc_point (&ccmputed line (0], &computed line L), Scmputad cencer

*computed orientation_phys =
transfcrm_angle_according_tc_cal:ifraticn_mac
(((priv cwa zalib *!cal:b!->map,angle_hor:

/* cwa_find_target!} is the tcp level funct:icn for lccal:izing
* the crossha:r target. It returns C 1£f it cannct Zind the crosshair
* 1) use search to improve positicn estimate cf crosshair center
* 2) compute four gcod rays eminat:ng from the origin by sampling
. edge points within the guaranteed good regicn alcng the user
* specified orientation
* 3) Enumerate subpixel edge points along the fcur rays eminating
v from the the origin and use the found good ravs tc identify outllers
* cwa_find_target tries to localize a crosshair target within an
* image and returns 1 if it was successful and 0 otherwise
img - cip_buffer containing crosshair target
* calib - characterizing field of view
* angle - initial orientation estimate oI crosshair targe<
* result - pointer to cwa_line structure where result will be stored
*/

iat cwa_find target_intermnal
(cip_buffer »:mg, cwa_cal:ib *cal:b, double angle, cwa_line *resulc,
cwa_status +status)
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cwa_point gross_pos_estimate, improved_pos_2siimate:
double improved _phys_orientation_estimate;
cwa_line good_rays (4]

int i,ans;

cct_signal sig;

ctm_timer time;

int to,tl,t2,t3;

cwa_line tmp;

cwa_calib *calib_identity=NULL;

NO_REGISTER (calib_identity);
cu_clear (status,sizeof (cwa_status)) ;

/* CWA_ERR_NO_INTERSECTION is used o sign:fy when we cannst £ingd

* any edge points for an expected horizcntal cor wverz:yzal line

/* expand the stack tc maxe rocom Ior tne $C0IC Zdouble E3TIivs o owe
* allocate

./
/

cu_expand_stack{l§)

&
-

(!resulcz)
result = &zmp;

3
bY

SriC3EN_ERR_BADARG: ;

If no calibrat:ion object 55 passec, maxka2 cne so that there 1is
* cnly one path tnhrcugh the code

if (!calib)
calib = calib_identity = cwa_calib_make(2.,0.,0.,1.,1.,0);

/* 1) use search */
ctm_begin(&time) ;

ans = gross_locate_crosshair_center_in_image
(img, (int) (10. * angle*180/PI}, &grcss_ocs_astimate.
i€ (!ans) cct_error (CWA_ERR_NC_INTERSECT! ;

{
cip_buffer win;
double x_edge, y_edge;
int edge_val,dir;
double angle_offset;
cct_signal sig;
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ine 1;
double left(4]={-2.,-2.,2.,2.};
double tcpf4)={-2.,2.,2.,-2.};
cip_windcw (img, &win,
gross_pos_estimate.Xx-35,gross_pcs_=stimat=2.v-3153,70, 72
for (1 = 0; 1 < 4; i++)(
if (cz_cebt_start_return_success_val

(¢win, 3,3,left(i],top(i]). &x_edge, &y _edge, xedge val,

&dir, &angle offset)) -

break;

}

status->contrast_score=cz_map_edge_val to_max_1000(edge_val!;

t0 = ctm_read(&time);

i1f (cwa_£ind_target_debug_£lag & 0Oxl:
princf ("gross pos:");
cd_showas{i{int)&gross_pcCs_estimata, "cwa_zcini’::

)

/* 2) improve the pc
* the four gocd rays

siT.cn and CSria2nzaticn esTimacte and computa

-,

(img, calib, &gross
transform_angle_acce
(((priv_cwa_calib *)c
(double) GUARANTZED_GC

n

compute center positicn_and_angl2_assuming_Iour _guaranta2ecd_gccd_ravs
o

IS
O}
]
b
2l

H¢]
e
[¢]
<
o
o)

tl = ccom_read{atime) ;
1f£ (cwa_find_target_debug_flag & Jxlj{
prints {("improved pos_estimate:"};
cd_showas { {int) &improved opcs_est:imate, "cwa_pcint'}

}

/* 3) Enumerate edge points along those four good rays and use
* those lines to compute the £inal pcsition and orientatlion estimatas

*/

compute_center_position_and_angle_along_guaranteed_good_rays
(img, calib, &improved pcs_estimate,gcod_rays, TIGHT_THRESHCLZT,
(cwa_point *)result, &(result->t},

&status->feature_score);
£2 = ctm_read(&time);
cz_transicrmpoint

(((priv_cwa_calib v)calib)->map,
resulz->x, result->y,
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&result->x, &result->y) ;
if (cwa_£find_target_debug_£lag & 0x1l)
printf("result:");
cd_showas ((int)result, "cwa_pcinc"};
if (cwa_find_target_debug_£lag & 0x4)
printf("Times:");
printf (" gross locate: %d\n",tO0);
printf (" £fine locate: %d\n",tl-t0);
printf (" finer locate: %d\n",c2-tl);
done:
cu_expand_stack(-16) ;
1f (calib_identity) cwa_calib_deleta{calib :dentity!;
/* Make returned angle agree with given angls argumenc -«
1f (sig) ccc_throw(sig):
for (1 = -8; 1 <= 8; 1+~)
1f ((1 t= 0) &&
(fabs (result->t « 1+*PI. 2 - angl2; < Zabs . rasulz->Z - angle
result->t += i*PI /2 , i--;
return 1;

int cwa_£ind_target
(cip_buffer +img, cwa _calib *cal:z. doufle anglza, cwa_linme -:esult,
cwa_status vstatus)

cwa_status Tmp_status;

ct_signal sig;

if (!status) status = &tmp_statu

cct_catch (CGEN_ERR_BADARG) ;
cct_catch(CWA_ERR_BACKLIT) ;
cct_catch(CWA_ERR_TRACKER) ;

if (sig=cct_catch(0))
if (sig == CGEN_ERR_BADARG) {
status-s>error_£lags i= CWA_ERR_B3ADARG;
cct_end(sig);
cct_error (sig) ;
itatus->er:or_flags |= CWA_ERR_FAILED_TC_FIND_TARGET:
return status->found 0;

}

cwa find target intermal (img,calib,angle, result, status);
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return status->found = 1;
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Described herein are calibration targets and methods for determining the location
and orientation thereof meeting the objects set forth above. It will be appreciated that the
embodiments shown in the drawings and discussed above are merely illustrative of the
invention, and that other embodiments incorporating changes therein fall within the scope

of the invention, of which we claim:
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1. A machine vision method of determining a location of a reference point in an

image of a calibration target, the method comprising the steps of

A generating an image of a target that includes

i two or more regions, each region being defined by at least two linear

edges that are directed toward a reference point;

ii.. at least one of the regions having a different imageable characteristic

from an adjacent region,

B. identifying edges in the image corresponding to lines in the calibration target;
C. determining a location where lines fitted to those edges intersect.
2. A method according to step 1, wherein step (B) comprises the step of identifying

edges in the image by applying an edge detection vision tool to the image.

3. A method according to step 1, wherein step (B) comprises identifying edges in the

image by applying a caliper vision tool to the image.

4. A method according to step 1, wherein step (B) comprises identifying edges in the
image by applying a first difference operator vision tool to the image, and by

applying a peak detector vision tool the an output of the first difference operator

vision tool

5. A method according to step 1, wherein step (B) comprises identifying edges in the

image by applying a caliper tool to the image beginning at an approximate location

of the reference point.
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10.

11.

A method according to claim 5, comprising the step of determining an approximate
location of the reference point by applying a Hough line vision tool to the image

and finding an intersection of lines identified thereby.

A method according to claim 5, comprising the step of determining an approximate
location of the reference point by applying a correlation vision tool to the image
using a template substantially approximating an expected pattern of edges in the

image.

A method according to claim 5, comprising the step of determining an approximate
location of the reference point by applying a projection vision tool to the image
along one or more axes with which the edges are expected to be aligned.

A method according to claim 1, comprising the steps of

identifying edges in the image corresponding to lines in the calibration target; and

determining an orientation of the target based on the angle of those identified

edges.
A machine vision according to claim 1, wherein

step (B) includes the step of applying a Hough line vision tool to identify edges in

the image corresponding to lines in the calibration target; and

the method further including the step of determining an orientation of the target

based on the angle of those identified edges.
A machine vision according to claim 1, comprising

applying a Sobel edge tool to the image to generate at least a Sobel angle image;

and
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B.

12.

edges.

13.

14.

taking an angle histogram of the Sobel angle image to determine an orientation of

the target.

A machine vision method of an orientation of a calibration target in an image, the

method comprising the steps of

generating an image of a target that includes

1. two or more regions, each region being defined by at least two linear

edges that are directed toward a position;

ii.. at least one of the regions having a different imageable characteristic

from an adjacent region,

identifying edges in the image corresponding to lines in the calibration target;

determining an orientation of the target based on the angle of those identified

A method according to claim 12, wherein

step (B) includes applying a Hough line vision tool to the image to identify therein

edges in the image corresponding to lines in the calibration target; and

step (C) includes determining an orientation of the target based on the angle of

those identified edges.

A method according to claim 12, wherein

step (B) includes applying a Sobel edge tool to generate at least a Sobel angle

image; and
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15.

16.

17.

18.

19.

20.

21.

step (C) includes taking an angle histogram of the Sobel angle image to determine

an orientation of the target.

A method according to any of claims 1 and 12, wherein step (A) includes the step
of generating an image of a target in which each region has any of a different

color, contrast, brightness and stippling from regions adjacent thereto.

A method according to claim 15, for use with a machine vision system having
image capture means for capturing an image of the target, wherein each region has

a different characteristic in such an image than the regions adjacent thereto.

A method according to any of claims 1 and 12, wherein step (A) includes the step
of generating an image of a target for which the reference point is at a center

thereof.

A method according to claim 17, wherein step (A) includes the step of generating
an image of a target for which the linear edges substantially meet at the reference

point.

A method according to any of claim 1 and 12, wherein step (A) includes the step of

generating in image of a target having four imageable regions.
A method according to claim 19, wherein step (A) includes the step of generating
an image of a four-region target in which the at least two linear edges of each of

the regions are perpendicular to one another.

A machine vision method of determining a location and orientation of a calibration

target in an image thereof, the method comprising the steps of

generating an image of a target that includes
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23.

PCT/US97/18268
1. two or more regions, each region being defined by at least two linear
edges that are directed toward a reference point;
il.. at least one of the regions having a different imageable characteristic

from an adjacent region;

generating, based on analysis of the image, an estimate of an orientation of the

target therein,

generating, based on analysis of the image, an estimate of a location of the

reference point therein;

refining, based on analysis of the image, estimates of at least one of the location of

the reference point in the image and the orientation of the target in the image.

A method according to claim 21, wherein step (B) includes one or more of the

following steps:

i. applying a Hough line vision tool to the image to find an angle of edges

in the image;

il. applying a Sobel edge tool to the image to generate Sobel angle image,
generating a histogram of the angles represented in that Sobel angle
image, and determining a one dimensional correlation thereof; and

iii. inputting an orientation from the user.

A method according to claim 22, wherein step (C) includes one or more of the

following steps:

124

SUBSTITUTE SHEET (RULE 26)



10

15

20

25

30

WO 98/18117

24.

25.

ii.

iv.

PCT/US97/18268

applying a Hough vision tool to the image to find an approximate
location of edges therein, and finding an intersection of lines defined by

those edges;

applying a projection tool vision tool to the image to find an approximate
location of edges therein, and finding an intersection of lines defined by

those edges;

applying a correlation vision tool to the image to find approximate

coordinates of the reference point; and

determining a sum of absolute differences to find approximate

coordinates of the reference point.

A method according to claim 23, wherein step (D) includes the step of invoking

the steps in sequence, at least one time:

applying a caliper vision tool along each of the expected edges in the
image, where those edges are defined by a current estimate of the
reference point location and a current estimate of the target orientation;

and

fitting lines to edge points determined by the caliper vision tool.

A method according to claim 24, wherein step (D)(i) includes the step of applying

the caliper vision tool along each of the expected edges until any of the following

conditions is met: no edge is found by the caliper vision tool at a sample point;

more than one edge is found by the caliper vision tool at a sample point; a distance

between a sample edge point and a nominal line is larger than a threshold; or, the

caliper vision tool window for the sample edge point extends outside of the image.
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