
INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

PCT WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau

(51) International Patent Classification 6 :

G09G
(11) International Publication N^ber: wo 98/18117

Α2 _ -
(43) International Publication Date: 30 April 1998 (30.04.98)

(21) International Application Number: PCT/US97/18268

(22) International Filing Date: 7 October 1997 (07.10.97)

(81) Designated States: CA，JP，KR，SG，European patent (AT，BE， 
 ,DE，DK’ ES，FI，FR, GB，GR，IE, IT; LU，MC, NL，لق
PT，SE).

(30) Priority Data:
08/726,521 7 October 1996 (07.10.96) US

Published
Without international search report and to be republished 
upon receipt of that report.

(71) Applicant: COGNEX CORPORATION [US/US]; One Vision
Drive, Natick，MA 01760-2059 (US)·

(72) Inventors: MICHAEL，David，J.; 901 Windsor Drive, Framing-
ham，MA 01701 (US). WALLACK, Aaron, s.; 9 Penaco^ 
Lan¿，Natick，M■^ 01760 (US).

(74) Agent: POWSNER, David，ل.; Choate，Hall & Stewart， 
Exchange Place，53 State Street，Boston，MA 02109 (US).

(54) Title: MACHINE VISION CALIBRATION TARGETS AND METHODS OF DETERMINING THEIR LOCATION AND ORIEN- 
TATION IN AN IMAGE

(57) Abstract

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 ¿olor，contrast，or brightness， 
from its neighboring region(s). Each region has 
at least two edges - referred to as "adjoining 
edges" - that arc 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 corrcsponäing to the adjoining 
edges，fitting lines to those edges，and determin- 
ing the orientation and/or position of the target 
from those lines.

92



FOR THE PURPOSES OF INFORMATION ONLY

Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT.

AL Albania
AM Armenia
AT Austria
AU Australia
AZ Azerbaijan
BA Bosnia and Herzegovina 
BB Barbados
BE Belgium
BF Burkina Faso
BG Bulgaria
ВЛ Benin
BR Brazil
BY Belarus
CA Canada
CF Centrai African Republic
CG Congo
CH Switzerland
CI Côted٠Ivoire
CM Cameroon
CN China
cu Cuba
cz Czech Republic
DE Germany
DK Denmark
EE Estonia

E
H
N
R
U

G
G
G
G
H
I
 L
 I
 Г
 JIT m
 Ä

Spain LS Lesotho SI Slovenia
Finland LT Lithuania SK Slovakia
France LU Luxembourg SN Senegal
Gabon LV Latvia sz Swaziland
United Kingdom MC Monaco TD Chad
Georgia MD Republic of Moldova TG Togo
Ghana MG Madagascar TJ Tajikistan
Guinea MK The former Yugoslav TM Turkmenistan
Greece Republic of Macedonia TR Turkey
Hungary ML Mali TT Trinidad and Tobago
Ireand MN Mongolia UA Ukraine
Israel MR Mauritania UG Uganda
Iceland MW Malawi US United States of America
Italy MX Mexico uz Uzbekistan
Japan NE Niger VN Viet Nam
Kenya NL Netherlands YU Yugoslavia
Kyrgyzstan NO Norway zw Zimbabwe
Democratic People’s N1 New Zealand
Republic of Korea PL Poland
Republic of Korea PT Portugal
Kazakstan RO Romania
Saint Lucia RU Russian Federation
Liechtenstein SD Sudan
Sri Lanka SE Sweden
Liberia SG Singapore



WO 98/18117 PCT/US97/18268

5

10

15

20

25

30

35

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 &csimile 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 manu&cturing 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 phamaceutical 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 тасЫпе 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 

&cilitates 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.g٠，coordinate positions of a motion stage or conveyor belt on 

which the object is placed. A calibration target can also be used to fecilitate 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， 

buUs-eyes of concentric circks，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 тасЫпе vision techniques used 

to analyze such images. For example，the edges of a cross-shaped target may be 

imprecisely defined in an image，fading 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 forther 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 usefol 

only at a limited range of magnifications. Parallel stripes，for exampk，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 chectóng their 

corners, e.g.，the eight black (or white) comers in a black-and-white image. By relying on 

comers，the systems necessitate that images show entire checkerboards，yet, with 

sufficient resolution to insure accurate detection and analysis.
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An object of this invention is to provide an improved calibration targets and 

methods for machine vision analysis thereof.

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

5 wide range of magnifications.

A fiirther object is to provide such methods as can be readily implemented on 

conventional digital data processors or other conventional machine vision analysis 

equipment.

10 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 dififerent "imageaWe characteristic" (e.g.，a 

dififerent 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^·，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 corresponding 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 

dififerent 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 fonction 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 fomer，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，begüg at an 

approximate location of the reference point. That approximate location of the reference 

4
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point can itself be determined by applying a Hough line vision tool to the image m 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 

focilitates the calibration of images by permitting accurate detemination 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 ID depicts the eflfect of rotation on the target depicted Figure IB;

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

target of the type depicted in Figure IB;

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 niustrated Embodiment

Figures 1A - 1C depict calibration targets according to the invention. Referring to 

Figure 1 A, 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 Ulustration, the reference point 14 is at the center of target 10, 

though, those stílled 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 usefol with conventional 

machine vision systems -- wWch 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 forther 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 wWte region 14 and grey region 16.

Figure IB depicts a calibration target 30 according to the invention having four 

rectangular (and，more particularly，square) regions 32, 34, 30，8د. As above, each region 

is 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 ^joining 

regions■ Thus，region 32 shares dge 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 wWte，while their edge-wise “joining 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 !inear edges directed toward a reference point 

62. The “joining regions are of differing contrast, thereby, defining edges at their 

common borders，as illustraW. 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 skiUed in the art will appreciate that，in Edition to the calibration targets 

shown in Figures lA - 1C, targets with still more regions (or as few as two regions) and 

shapes，otherwise in accord with the teachings hereof^ &11 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 fürther，it will be appreciated that the outer 

borders of the targets need not be linear and may，indeed, take on any shape.

8
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Figure 2 depicts an object according to the invention for use in machine 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 

IB. 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 hown means· For example， 

they can be molded onto, etched into, or printed on the surface of the object· By way of 

fhrther example，decals embodying the targets can be glued, screwed or otherwise affixed 

to the object. Moreover，by way of still farther 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 IB. 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, 0٢ a vision processing system of the type commercially avaUable 

from the assignee hereof^ Cognex Corporation，as programmed in accord with the 

teacWngs 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 

9
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94, input-output system 96，and disk drive (or other mass storage device) 9δ, 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 descrikd below. Those skilkd in the art will appreciate that，in Edition to 

implementation on a programmable digital data processor，the methods and apparatus 

taught herein can be implemenkd 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 IB. 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 correspOTd to the adjoining edges. Where，on the other 

h^d，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 Wstogram 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 

im٠，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 Wstogram of a target 

oriented 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 forther 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 infomation 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 

٥rget 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, wliich 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^imensional image of the target into a one- 

dimensional image. A prefeired such tool is that providd with the Cognex Caliper tool 

commercially available from the Assignee hereof^ Cognex Corporation.

In step 114, the methd uses the information genera^d 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 

methd 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 expend arrangement of the sought-after edges, to wit，a 

cross-shaped pattern in the case of a target of the type shown in Figure IB. 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 

methd 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 IB. 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 Uni^d States Patent No. 5,548,326，the teachings of which are incorporated herein by 

reference.

Although steps 110-118 can be used to deteiraine 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 tincl points in 

the image that define the adjoining edges of the regions, ◦n 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 ^stance 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 IB)· 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 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 tliis 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 IB，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 IB are advantageously processed 

by a method according to the invention insofär as they further minimize bias otherwke 

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 specifically 

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 skiHed 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 Wghest 

scoring edge (tWs 2Χ 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 comection 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 inso&r 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 comers，which 

are not magrification invariant.

The magnification invariance of targets and methods according to the present 

invention is illustrated in Figures 6Α - 6C. Referring to Figure 6^ 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 6Β，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 insofor as a 

camera (again, of identical maglüfication) images a target (again，of identical size) from a 

still greater height，X". Comparing monitor images depicted in Figures 6Α - 6C，it is seen 

16

SUBS^E SHEET (RULE 26)



wo 98/18117 PCT/US97/18268

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 fäct that the target has the same appearance 

regardless of height (or equivalently，magnification), within specified ÜS thereof.

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

limits for prior art targets (e.g·，cross hairs，paraUel 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。

10 range. With reference to Figure ID，for example，the relative positions of the regions can 

be used to determine the overall orientation of the target，i٠e., whether it is rotated 〇〇, 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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Edge Detection Tool
"「his chapter describes The Edge Detection tool, which includes edge detection ana peak 
detection.

Eage detection takes an input image and produces two 0٠t images: an image of the 
edge magnitude of each input pixel and an image of the edge angle of each input pixel. 
W^n combined with other Cognex software tools, the information produced by edge 
detection can be used to loca¿ objects wilhin an ؛mage. Edge pixel information can be 
used to detect the rotation of an object or detects such as scratches■ cracks, or particles. 

You can also gauge now snarpiy an image IS TociJSöd with edge pixel information.

Poak d^ctian IS useful in any applicanon m yuhich knowiodg، of the locel maximum vaJuee 
m a two-dimensional space s useful. Peak detâction takes an input image and produces 
an output ،mage containing only those pixels in the input image with higher values than 
neighboring pixels· A typical input image to peak detection is an edgernagnitude image; 

the output Image contains only tbe highest magnitude edge pixels‘ The edge detection 
function can optionally use peak detection to postprocess the edge detectan resuits so 

that only the strongest eages remain.

This chapter has nine sections as follows:

An Overview ofEdge Detection describes the goais ٥؛  edge detection, defines an edge 
pixel, and descnt>es how the Edge Detection tool finds edge pifeis. This section also 
explains the two propenies of a pixel that are calculated bf the Edge Detection tool, eage 

maonitude and ancle, and ends With a sample application■

Using Edge Döfö ٥/;٥ n describes, in genera· terms, The interface to the Edge Detection tool. 
Tnis section contains a aiscussion of tne compression ^bles that affect the amount of 

memory used by the edge detector·

EOge Detection Enumerations and Data Structures describes the data structures and 
enumerations that the edge detection functions use■ Types and data structures that 
зирроп peak detection are discussed in Peak Defection Enumeration Types and Data 

Structures below.
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Edge Detectian Funcnons dôscribes the functions that implement edge detection.

Maximizing !he Performance of VC2 Vision ü٥pr٥cess٥r lists tne edge detection parameter 
settings أقمأ you should a٧٠ia if you want to maximize the performance of the ٧C2 Visio「! 
coprocessor during edge detection.

Overview ٥^ Peak Detection defines рзак ptxel and gives examples of same appiicaTJons 
of peak detection.

Using Peak Detection describes the interface to peak detecüon.

Peak Detôôüûn Enumerstian Types and Data Structures describes the peak detection 

enumeranons and aata suuctures.

Релк Detection Funcvans describes tha peak detection functions■
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Some Useful Definitions

٠٥٥٠ р٠ж٠1 Pixel that has a different value from one or more of its 

eigni neignooring pixels.

٠٥٥· d٠٠٠ct٥r Oporator that finds odge pixels in fin image.

٥ompr٠٠٠ton t٠bl٠٠ Two tables thai are created during edge detection 
initialization： the edge compression rabie and the 
magnitude compression table. These tables are used by 
rheEdge DeTection tool 10 map data into a smaller rang¿ 

ot values.

Sobel operators Two 3x3 operator that the Edge Detection tool uses to 
l٥٥at£ edga pixels in an image.

horizontal ·dg· 
eompwwnt

Value returned by the horizontal Sobel operator when it IS 

applied to a pixel in an image.

nrticil 9س« component Value returned by the vertical Sobel operator vvhen It IS 
applied to a pixei in an image.

٥٥٥٠ magnitud· Value tnat increases as the difference in grey levels 
between neighboring pixels increases.

٠٥٥٠ an٥l٠ Orientation of an edge, with respect to the x٠axis of the 
image( at an edge Pixel· The Edge Detection too، defines 
trie angle oi a pixel as arctanCvZh), where ^is the vertical 

eage component and h 13 *١٠ horizontal eage component 
of me pixel.

puk plx٠l Pixei with a value greater than or equal ΐ٥ some or all of 
Its neighboring pixels' values.

рмк d٠t٠äl٠n Finding some or alt peak pixels in an image.

8-p٠lnt neighborhood Pixels that are horizontally，vertically, and diagonaily 
adjacent to a pixel.

4٠p٠int neighborhood Pixels that are horizontally and vertically adjacent to a 
pixel.

2٠۶o٠nt neighborhood Neighba3 of ٥ ptxel along a slnste axis· Peak detection 
supports a horizontal and; vealcai 2٠p٠int neighborhood 

operator.
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«ymmetrtc peek Peak whose pixel value IS greater man or 6 ٩لددا  to rhe 
values أه each ٠۴ its neighbors.

Aiymmetrlc peak Peak whose pixel vaiue is greater than the values of its leit 
and lower noighbors and greater than or 0٩uttl to th٠ 
values of Its right and upper neighbors.

·،—·助· рмк Pixel that satisfies the peak definition (symmetric or 
asymmevic) along all axes in Its neighborhood.

alngtõi٠xli peak Pixel that satisfies tbe peak definition (symmetric or 
asymmetric) along at least one axis ا٢١  Ita neighborhood.

piltMU In peak detection, a ٢e٥ion of contiguous pixels of the 
same value.
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An Overview of Edge Detection
The Edge Deiecrion !اهه finds edge pixels in an image‘ This overview of edge delection 
contain； th٠ following ： ه٠هه٢ا٠اآ0خ

٠ Definition of the problem of edge detection

٠ Overview of the taslcs that the Edge Detection tool performs

٠ Definition 0Í edge pixel

٠ Description of the Sobel operator■ which is used by the Edoe Detection tool to locate 
edge pixels

• Definitions of th٥ angle and m٥g٢٦itu٥e of ٠n eage pixel, end dedorlpnone of ٦hâ two 
images produced by the Edge Detection tool: the magnitude image and the angle 

imigi

٠ Description أه edge detection preprocessing

٠ Description of edge detecüon postprocessing

٠ Description of a sample application that uses both the magnitude and the angle 
images to create an angle "signature· of a shape

Edge Detection
The Edge Detection tool locates edges and determines each edge٠s angle and magnitude.

An edge OCCLUS wherever adjacent areas of an image have ditierent grey values. Using ^his 
definition the triangle in Figure 6ß has a singie edge.

Figure 66ا A tlgure 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 direction is defined as a vector normal ：٥ the edge. Us ng this definition, 

the triangle in Figure 7ح has three ٥jre٥ii٥nâl ed٥e٥, raprasantAd by the thraa ٧^t٥rs. Tn٥ 
angle ot the edge is rhe counterclockwise angle of the vector norma( to the edge, with 

respect to the horizontal axis of the ima٥e٠ See the section Angle Image on Dage 161 for a 
discussion of edge angle.

FXgure 67. Vectors indicating the 90 ٠ة  angles of a tnangle

Along With an angle, an edge has â msgmtudô. which reflects the amount ٥۴ tí٦e difference 
between grey levels on either side of ًما edge. As me ditterence in grey levels increases· 

the magnitude increases. See the section The Magnitude Image on Daoe 178 for a 
discussion of edge magnitude.

The mangle in Figure es has the same three edges as !he Vianale in Figure 67: however, 
these edges are of lower magnitude. This lower magnitude IS Illustrated by the shortenGd 
lengtn of ine Three airec^lon Actors.

Figure 6ج. Ä Triangle with lo^magnltuáe Bdges
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Eöges are actually located pixel by pixei. Figure 69 contains a magnified view of a poruon 
of an edge in an Image, Each cell in the figJe represents ٦he grey levsl of a single pixel. 
Notice tha!. on this -;icroscooic" level. ü٦efe are many edges between pixels in which the 

grey levels on either side of the edge differ by a few percentage points.

5 6 6 4 3 4 4 4 10 11 11

2 4 4 4 4 4 5 10 Я 23 2ΰ

4 4 4 4 2 5 12 20 20 45 46

6 4 3 θ 8 21 18 38 33 45 45

Θ 9 8 22 20 40 45 45 44 45 46

9 22 24 45 45 49 51 45 47 46 46

22 45 45 43 45 45 50 45 46 41 46

44 50 45 46 45 45 45 わ| 48 57 43

ん， 51 4ك £ه ع8 дв 46 42 دد 4â 4ج

Figure 6Q. Grey lovels in fl magnifiad portion of an odgG

The Edge Detection tool ؛ocates edges in an image by identifying each pixel That has a 
difieren value from one of its neighboring pixeis. It calculates the angle ana magnitude of 
eacn edge pixel. 1أ also provides â meai of classifying edges，s٥ thar low-magnitude 

edges are not reported.
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Edge Pixels
A pixel iG en ٥٥٥٥ ρ/χβΖif It hae a different value from at l٥e٠t one of Ite eight neighboring 

pixels ana is no【on the border of an image. In Rgure 70, the four snaded pixelsare edge 
pixels.

0 10 10

0
..·. ■؛ب 10

0 10

٦ 0 1

2 2

0 2

Figure 70. The shaded pixels are edge pixels

Figure 71 comains a grid representing grey leve s in an image with the highest magnitude 
edge pixels shaded. Notice that border pixels (pixels along the edge of thQ image) afe not 

edge pixels.

0 0 Û ه 0 0 0 0 0 0 0

0 0 ه 0 0 ه 0 0 0 3

0 Û ه 0 0 0 0 4 4-Ц٠
0 0 ه 0 0 I٠

>ئقئهةة ه 4 4 4

Û 0 0 ;,إلآج
٠٠

ب.| 4 4 4 4 4 4

0 :噂؛ 4 4 4 4 ه ه ه ه
3 4 4 4 4 4 4 م 4 4 4

4 4 4 4 4 4 م 4 4 4 4

4 4 م 4 م 4 4 4 4 م 4

Figure 7٦, Highest magfMtucie edQe p٠xe٠٥ in an ١m٥ge
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The Edge Detection Operators
The Edge Detection tool find؛ edge pixels using tn3 ٥ عههك x3 neighborhood operator،. 
During edge detection, the Sobel operators are applied ًها each pixá In an input image. 
This operation produces two values for each pixel· One value r٥presents the vertical edge 
component^ the pixel； !heother ١/a)ue rapresonts the horizontaledge component^ rhe 

٠lxá. These two values are then used to compute the edge magnitude and edge angle of 
the pixel.

Sobel edge detection uses two 3x3 noigbbOThood operators to locate edge pixeta In an 
image, TÍ horizontal Sobel operator detects the horizontal (X) edge component ؛or a pixel· 

Tn« vertical s٠٥ei operator автесге tne venicai (У) воде cornponenx for a PIXÔÍ. Figure 72 
shows the Sobel operators.

Figure 72ا Sobel operators

The Sobel operator works only on pixels with eigh١ neighboring pixels. When the Sobe( 
operator is applied to a pixel on lhe border of an image. The result IS defined to be 0 

because there are not enougn neighboring pixels to calculate an edg٠ value.

The horizontal and vertical Sobel operators are 3x3 linear operators. These operators 

compute a value for a pixel (x١y) in the following way:

٠ The grey level of the Pfxel (x,y) is multiplied by the ٧a،ue in the center of the 3x3 linear 
operator.

• The grey level of the neighboring pixel (x-ly-1) IS multiplied by the first value in the 

top row of the 3x3 linear operator.

• The grey level of the neighboring pixel (لإماع) is muliipll٥d by the second value in the 
top row of the 3x3 linear opera١ir:

٠ ThiC continues until tho produot of each pair of ١zGluee iB calculated,

٠ These products are then ٥umm٥d to produce the output· For the Sobe( operator the 
value ،ة Inrerpreied as horizontal or vertical edge component or ine pixel-
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If tfie result of applying at least one of the Sobel operators to a pixel is nonzero، that pixel 

1$ an edge pixel.

1 1 2

1 ٥1 3

2 3 3

Image pixels

:6

Figure 73. Applying ٦he Sobel operator

In Figure 73, the horizonta؛ Sobel operaxor IS applied to the snaded ptxei in the image. The 

reauitant edge pixel valtie is 6. whicn IS calculated as follows:
ت1٠1ه0٠1ه12ب-2 1ب02ب23ب٠ل٠2ب0-3ه1٠3ت6

Z٧٥te٠٠The 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 ¡mage. This is done to simplify the 

examples.

Figure 74 £h۵ws all the vertical and horizontal Qdga component ٧٥luec for a ٥m٥ll image. 
The upper grid is the image; the values represent the grey levels of each pixel. The grid to 
the lower let! of the imaoecontains horizontal edge comoonent Vâluâs for the imags, bach

SUBSHESHECT (RULE 26)

28



wo 98/18117
PCT/US97/18268

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Edqe Detection Τ٠٠Ι 4

cell in the grid contains the result of applying the Sobel horizontal operator to the 
corresponding input Image pixel. Ihe grid to !he lower right contains the vertical eage 
components tor the image- k 3؛ compuTed usinQ the Sobei vertical operator.

Grey levels

0 0 0 0 0 0

0 ٥ ٥ 0 1 3

0 0 1 3 4 4

1 3 4 4 4 4

4 4 4 4 4 4

م 4 4 4 4 4

Horizontal edge component values

0 ٥ ٥ 0 ٥ 0

0 1 3 5 7 ٥
Q 5 7 5 5 0

0 7 5 3 1 0

0 3 ٦ 0 0 0

0 0 0 Û ٥ ٥

Sobel 
operators

Venlcal edge component values

0 0 0 0 0 0

0 니 -5 -11 -15 0

0 -11 -15 -15 -11 0

0 -15 -11 ا5 -1 0

0 -5 ٠٦ 0 0 0

0 0 0 û ه ه

Figure 74٠ Horizontal and ,venlcal edge ٠omponö٢١٦ values computed 
with the Sobel operators

The horizontal and vertical edge component values compijted wth the Sobel operator are 
not returned by the edge detection functions They ate used to compute tne edge 
magnituae an¿ edge angle от eacn pixel in tne image.
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The Output Image،
Edge magnitudae are stored in an output imagô that ٥h٠w٥ tne edge magnitud، ٥٠ each 
corresponding pixel in the input image. Edge angles are stored in another output ¡mage 

that shows the edoe anole of ea٥h pixel. Yog can choose which output images to creatâ： 
magnitude, angle, ٥r both.

These two images are described in rhis section.

Th· Magnitude lm٠9٠
тпв eage magnitude for a given pixel IS a function of the horizontal and venical edge 
componente of the pixeE. Ifxis the horizontal edge component value and yis tho vertical 

eage сотоопепт value ror some pixel, then Xhe eagemagnituae, M- Гог тпат pixel IS aeTinea 
as follows:

١ته٠٢لابع

This fórmula suggests a geometric inTerpreiaiion of rhe data: it Xis the horizontal edge 
component and yis tn© vsrtical edge component, the magnitude is a vector from me origin 
of a two-dimensional coordinate system to the point (x٠y)7 Figure 75 shows the geometric 

relation ehip between the edge megnitude and the two edge oomponenta.

FigiMe 7G. Geometric r٠prea٥n١at١Qr١٠٠ edge magn١٦ud٠

Note： For implementation-specifjc reasons, the Edge Detection tool uses the formula 
described above to 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 to express magnitude. Because 

magnitude values, computed With verticâ) and horizontal edge component values. ٥ar> 

exceed this number ٠1 bits, maqniiude values ere compressed to an integer value that can 
oe expressed in the number of bits you have specified. You can control how magnitude 
values are comoressed: you can choose a method suDDiied by the Edge Detection tool, 
such as a logarithmic or linear map■ 0٢ you can supply amagnttude compression map of 

your own. For descriptions of the maps supplied by the Edge Detection tool and for 
information on using your own map. see the section Tw٥ Compression Tables on page 192.

The لا2ة  and depth of the magnitude image ere the same as that of the input image· Since 
all border pixels have horteontal and vertical edge pixel values of ٥١ Xhe border of The 
magritude Image conuins all zeros. You c٥n diapl^y an edge nr١agn(١ud٥ image: higher 
magnitude edges are brighter.

Optionally, edge detection can return the number of edge pixels in the input image and the 
sum ot all edge magnitude values By dividing the sum of all edge magnitude values by the 
3i2e of the irrige，۴u can compute the average edge magnitude of an image. If you have 
two images of the same scene, you can determine which image IS in sharper focus by 

comparing average edge magnitudös of the two images: the linage with the higher average 

magnitude is in sharper focLE.
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Figure 76 contains ВП image■ the image's horizontal and vertical edge components 
computed with Sobel ope^torSi and the output image containing lhe edge magnitude 

vahs for each pixel. The edge Dixels with the highest maonitude. representing The actual 
edge· are shaded.

0 0 0 0 ٥ 0

0 Q 0 0 1 3

٥ 0 ٦ 3 4 4

1 3 4 4 4 4

4 4 4 4 4 4

4 4 4 4 4 4

Horizontal eoge ٠٥m٥٥n٥nt ٧eiu٥٥

0 ٥ Û ٥ 0 ٥

0 ٦ 3 5 7 ٥
٥ 5 7 5 5 0

0 7 5 3 1 0

0 ：3 ٦ 0 Q 0

0 0 ٥ ٥ 0 ٥

Grey levels

Vertical «ûga component values

Û 〇 ٥ û 0 0

Û ٦- -5 -11 -15 0

0 -11 اا5 -15 -11 ٠
0 -15 -11 ل5 -1 0

0 -5 -1 0 0 0

0 0 ه 0 0 0

0•。 0.Û û.٥ 0.0 ٥٠0 0.0

0٠0 1.6 6,7 14.1I 0.0

0٠0 14.1 ةض:ل 1ه1 0.0

0.0 14-1 67 [6 0٠0

0.0 6,7 1.6 。■٠ 0.0 0.0

0.0 0.0 0.。 0.0 0,0 0.0

Sobel edge magnitude values
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Rgure76٠ Edge magni٦uöö values computed wnh ١Γ١Θ Sobel op٠ratôTâ

Angla Image

The edge detection fLinDttona produce an image oontaining tno angle of each edge pixel. 
Ifxis نيزأ horizontal edge component value Bndyis thevertMl edge component value, the 

edge angle ie thö oounterclockwiG« angle between the h٠ri^n٦ai axis and ه٦ة  magnitude 
،tor.

Figure 77 snows me geometric relationsnip between the edge angle, the edge magnitude， 
arxj the two edge components. In this figure, M is tns magnitude vecior an¿ ❷ IS the edge 

angle.

Figure 77. Geometric interpferation ot edge angie

Edge angles are stored ،n the angle image in binary form. They are represented as 
fixed-point numbers with tne decida، point to the ieft 0Í the most significant bit and are 

interpreted as fractons of 36٥٥٠ You can choose the maximum numoer or bits available to 
express an angle: this value must be less than or equal to 8٠ и n is the maximum number 
of bits used to express angle, and X IS the binary representation of an angle, you can 

convertit。degree notation by using the following formula;

ang!٥(x)：^

Note that with a 6-bit representation, anglas can be expressed to the nearest 5.626。: wiTh 
a 7٠b؛t representaron, an angle can be expressed TO the nearest 2.8٥: with an 8٠bit 
representation, an angle can ٥θ expressed to the nearest 1.4٥.
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The edge angle IS computed using the arc tangön٦ function 1؛ *s  thö horizonte؛ edge 
component and y IS The vertical edge component tor a pixel, the eage angle for thatplxei 

ΙΘ celoulated as shown in Table 3.

Table 3, Formulae tor computing edge angles

И И £٥٠٠ Angta

x>û 0<٧ ج٢غ١ه4لاالا١

χ>0 0>٧ 36٥F0rctan( ly/χΙ )

χ>0 у；0 0

χ<٥ ٧>٠ 100-arctan( _)

χ<0 ٧<٥ 18O٠ar٠tan(y/x)

χ<0 0 = ٧ 180

χ：0 0<٧ 90

χ = 0 0>٧ 270

Χ = 0 y±û 0

The computation IS designed so that an edge angle ٠ Is in me ronowing range: 

0 كه0<360ه
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Vertical edge = بى
Horizontal edge = 0

1НИНИ01
으٠
i

응

1 1 1 1
اً

1 1 1 1 1

Figure 7ج contains SIX rows■ Each row contains (from left to nght) an image with the central 
p|xá shaded, the vertical and horizontal edge component value of the shaded pixel, the 
image with a vector auperimposed showing th٠ edge angle of the central PIXQI, and the 
to،،a used ω ccrnpLXte the edge angle. Notice that the equations defining th٥ edge angle 

٧٥1니٥ are designed so that lhe vector always DOints to the briQhter side of the edge.

ИИ

ЙЙ
ЙЙ
ЙП

Vertical edge = 0
Horizontal edge = 4

Angie = arc tan(0/4) 0 خ ٥
ОС ٥( 1 1
ОС
ОС 
ОС

)0

대
غ٦ 1

1
1

ОС)0 1 1

!a a
11100
11110

Vertical edge 3-آ 
Horizontal edge = -3

|1|1|1|1|Q|

Angle ع arc tan(٠3/3) 225 ت ٠

Angle = arc tan( 1/1) 45 ٧٥。يrti٠ai edge = 1 
Horizontal edge 1 ت

0 1 1
0

غ يبخ 1
Q ع ه +
0 0 ة ة ن

Vertical edge = م
Horizontal edge = ٥

Vertical edge；3 
Horizontal edge = -3

I Angle = arc tan(4/0) = 90٠

Angle = arc tan(3/-3) ; 135。

Figure 78. Сотрклтд ٦he angle 0ا wiotis edges
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By setting a flag in tne edge detection parameters, you can specify that you want angles 

computed in the range 0٥ to 1 ao٥ instead of he deiault range，0。to 360٠٠ When you select 
tn٥ smallar range, an edge angle rnhat IS greater than18٥٥٢T٦aps to QOge angle (n٠٦80له 
For instance. 300° maps to Ί2٥Ο. and 270٥ maps to 90。.

Use me reduced angle range when you want the same edge angle results regardless of 

tne polarity of tbe image. As shown in Figure 79. w* ٦en the range of angles IS resrricteci Ï0 
the range 0٥ to 180。.tne same edge ar^l«s are computed fora black object on a wnite 
background as tor a white obiect on a biack background. When the range of angles is ٥٥ 

to 360。(al&0 Figure 79》this IS not the cas·: reversing he polarity of îhe image reverses the 
edge pixel angle.

Figure 79. Ettecx ot reversed potarixy on Gdge angles lor the two ranges

The binary representation of an angle ¡n the range 0٥ to 180٥ is similar to the represenution 
of an angle in the range 0° 360 هاً ٥ ι If n is me n^ximum number of bits used to express 

angie and/is the binary representation of an angie in the range ٥٥ to 180°. you csn convert 
：noution by applying th، following formula to d٥gr٥٥ ئ

angle(!)
٦8٥χآ
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Edge Detection Preprocessing
if you supply ٥ pixel map, the edge detection function uses it to preprocess y٠ur inpu! 
image before It calculates The horizontal and vertical edge components. For a aescnption 

of طه mapping. &GQ Chaptor 3. PiMQl Mapping.

Edge Detection Postprocessing
Although edge angles are defined for all pixels in an image，they are significant only at the 
pixels the greatest edge magnitudes: Thôre aremany edges between pixels where the 

grey ٠٥١zel٥ on either aide of the edge differ by only в few percent. Theae in ٥؛ gn»fi٥٥nt âdge 

pixels, due t。frame grabber noiaeand ranciomfluctuations in pixel values, can clutter your 
edge magnitude image and make it diffictrfT to evaiuate the data in that image. Aleo ٠dg٠ 
magnitude values usually increase graduaily in a "smear· as they approach an edge and 

then decrodM ac th« ٠dg ٠ ؛ ، crocked. You might want to sharpen the magnitud© imaga ヒ^ 
Altering ٥ut some edge pixels that are near, but notai, an edge.

The Edge Oetection too، supplies three postprocessing methods. Ти/Ο of these methods, 
SQtup and а/л-t/me thresholding, set the Icwest edge magnixude pixels to 0. The third 
method, peak detection, takes an edge magnitLXld image ana processes (t so max, tor any 
small pixel neighborhood· only the highest edge magnitude pixels remain and the other 

plxets are sei 1٥ 0. See rne section feax Derecuon on an Eage Magnlruae Image on 

page 229 for a complete discussion of this method.

After postprocessing, edge angles corresponding to zero edge magnitude pixels are also 

set to 0 unless you have specified ٢un-úme thresholding but nor peak detection· In this 
сазе, edge angles corresponding to zero edge magnitude pixels can be nonzero, but 
should be considered undefined.

Utup Thraiholding

You can supply a setup time rejection percentage. This is a value n that represents a 
percentage of the highest possible edge magnitude value, with this method，any 

magnitud values in the first n percent of all possible values are forced to 0٠ For example, 

if you provide 6 bits !٥ express magnitude values and specify that the lowest 5 percent of 
magnitude values are forced to ٥, then any magnitude below 3 is torced to 0 since 5 

percent of 63 (truncated) is 3.

Run٠Timo Thresholding

You can supply a run-time rejection percentage. This is a vait^ n that represente a 
percentage of the highest actuaiedge magnrtucte value in a magnitude image. Wth this 
method, magnitude values in the firstn percent ot the magnitude values in a specific image 
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are forced t٥٥. For example· if ؛he nights؛ magnitude value in a particular image IS 51，and 
if you specify that the lowest 5 percent of the ٢un-tîme magnitude values are Greed to 0, 
then a¡^ maonixude below 2 is forced 0 0. since 5 oercent of 51 (tnincaied) is 2.

Using a setup rejection percentage is taster than using a rur٦itime rejection percentage· 
since the ١/âlues that are forced t٥ Û are computed once, ٥öf٥re any magnitude images are 
created. However, the run٠time methôd is more flexible and robust. If you are producing 
magrutude »mages OT ine same scene our under varying "дмпд conanions, you snouia use 
a run-time rejection percentage since the proportion of magnitude values forced to ٥ 

remains stable as the range of magnitude values chants (due !0 varying Rumination).

P٥٠tpr٠CM٠٠ng with Рмк Detection on · Magnitud! Ιηψ

Peak dot oction Í3 a method of filtering ٥n image ٥٠ thet only peak p/xaia remain and other 
pixels are set to 0■ Peak pixels have a value greater than or equal ًها some or all ot their 
neighboring pixele' valued.

You can set a flag in the edge detection parameters structure that instructs me edge 
detection function to run peak detection on the magnitude image during postprocessing. 

All nonpeak pixels a٢e filtered。ut。”he magnitude image and the edge angle image before 
they are returned■ When you specify th s, ;ОЦ must supply peak detection parameter in 

the edge detection ра/йтетег Stucture.

The edge detection function does peak detection postprocessing after ¡١ has done setup 
and rurvtimÃ thrôaholding. There will be a 2-pixel٠wld٠ border of 2âr٥Q in a p0Qk-dQl٠0t0d 
magnitude image.

The section Peak Detection on an Edge Magnitude /mage 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 filrers edge magnitude 

pixels correctly، HowG٧ör٠ you do not need a detailed knowledge of peak detection to use 
il with edge detection. Suggested peak detection paramâtórs are supplied tn the section 
Data Structure cipjdgeJ^arams on page 199.

Figure 00 contains an image. Its edge magnitude image, and the image that results from 

peak deiectjon. The edge magnitude image contains a smeared edge■ which is sharpened 
¡эу peak detection.
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Edge magnitude pixels

0 Q 0 ه ه Q 0 0

0 0 0 0 2 8 16 0

0 0 2 7 14 19 16 0

ه 2 10 18 19 14 7 0

0 Ö 18 16 7 2 0 0

0 16 16 7 0 0 ه 0

0 16 8 2 0 0 0 0

0 0 0 0 ه ه ه 0

ه

Grey levels

٥ ٥ ΰ 0 0 0 0 ٦
0 0 0 0 0 0 ٦ 3

0 0 ٥ Q 0 ٦ 3 ه
0 0 0 1 3 4 4 4

0 0 1 4 4 4 4 4

0 1 3 4 4 4 4 4

1 3 4 4 4 4 4 4

4 4 4 4 4 4 4 4

Peak edge pixels

0 ٥ ٠ 0 0 0 ه ه
٥ ٥ ه 0 0 0 ه ه
0 0 0 0 0 19 0 0

0 0 0 ٦ة ٦9 ه 0 0

٥ ٥ Ιδ ه ه 0 ه ه
٥ ٥ ه Û 0 Û ه 0

0 0 ه 0 ه ه ه ه
Û ΰ 0 0 0 Û Û 0

Figure8Q, PeakdetöC٦١r١ganedgemagideirnagetocleietmineacxual 
edge
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Sample Application： Angl© Histogram
You can u٥٠ xtïê magnituctâ and ângiô imaged of an QbjQot to croate an angiQ histogram of 
that object. This IS a tabte that assigns a value n to each edge angle Θ If there arenedge 

pixalß (above a 9>٧ΘΠ magrtituda thr٥،h٥ld) \A/h٥a٥ edge angle IS ٥.

The angle histogram suppiies a useful "SIgnfit^e' of an object's shape. You can use his 
signature to gauge similarity among objects, to detect rotations of an obiecc. and to detect 

،laws in an object.

Once you have crested edge magnitude and edge angle images for an object，you can 
creete and display ٥n ânglâ histogram ae foltowe:

void لآد٠ل0ههتأةكش٢أأدع  ( res, threshold) 
cip_edge_results *res,·  /*  results structure pointer ٠/
int threshold; /*  significant edge threshold /٠
)

لكئ٦ح  ï,j,mag；

int hist(256];

٠u٠clear(hist/5^ze ٠؛ (hist));
ior (0=ل； l.<râs->mag٠٠٠ling٠iP->wlâth； ل*٠ )

for (j=0； j<res->mÄg..iin٥iP->height; j٠٠l (
тад；гед|٠?п>ад jig p-；qet <г٠з->тад٠.хтдрр ثمت,لم );

if (mag > chreehold) 

hist [res->ang٠im؟j-P٠>9et ( ٢es٠>ang_img_ P/؛،j ١)٠ t;
; ا ■ (

снг٠Н^вЬ٥дг*я ٦ l CIG im^csa,١ 5 حءدلآز هم ة  : 
caq_display();
return；
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Figure ei contains four shapes: each shape is paired with Its angie histogram. Note that 
tne square and the plus sign have identical angle histograms. The anglehistogram of the 

circle is flat because there IS no dominsnt angle along ٥٦G edge of a circl،.

Number of 
pixels

0 do 180 270 360

Angle

Figure β٦. Assorxea shapes w١٦h٦r١e١٣ angle histograms
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Figure 82 demonstrates trie effect of rotation on The angle histograms of a plus sign. The 
histogram Shihs as the plus sign rotates.

Number of 
pixels

Rgure 2ج. EHec١۵ ا ٢٥ ta١١٠n on a٢١Q١e hisiogram
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The Caliper Tool
This section defines the Caliper Toot and describes 旧 general xerms how It works. The 
concepts introduced in this section are described in detail in later sactiona

The Purpose o*  the Caliper Tool
The Caliper Tool is a tool for locating edges and edge pairs in an image. The edge ot an 
object In an image IS a change in gray value ؛rom dark to ،ight or lighT to dark. This change 
may span coveral pixelc. The Câllp،٣ Tool provictoe methocte for ignoring edgea that ar¿ 
caused by noise or that are not of interest for a particular application.

The Caliper Tool is modeled on the mechanical engineer's caliper, a precision aevice for 
measuring distances· You specify the separation between lhe calipee -jaws,· and the 
Caliper Tool searches an area you specify for edge pairs separated by that distance. You 

can ajso search for individual edges when you know thaif approximate location in an 

image. This is similar to using a caliper 10 measure depth.

Atypioai ue٥ or the Caliper Tool IS pan inopection on an ٥٥，embly line. For example, in 
integrated circuit lead inspection, a part IS moved in front ot ٩camera to an approximately 

ع٢٦ض  location (the Bxpectâd l٥caîi٥n)٠ You 5 لا٠  tho Caliper Tool to determine the âxa٠Î 
location ot the left edge of rhe part by searching for a single light to dark edge at the 

expected location (see Rflure 103) Th© ed٥e that is closest to the expected locanon is the 
left edge of the part.

image دج
area تد

Figure ٦03٠٦١١ô Caliper Tool is used١o١oca١e١h٥١e١i edge ot the part.
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Once you find the ten edge of the part, you can predict where the leads should lie within 
the image to specify a widow in which to look lor leads (see Figure*  104). You can then use 

the Caliper Tool to “earch for edge pairs consistina 0Í a dark ًها llaht transition followed bv 
a li^٦t to dark transition, and separated by tne expected leed Width, with information 

calculated by the Caliper Tool you can compare measured lead widih and location to 
expected lead width and locanon to make an accept/reject decision about the part

searcn
area

Image

11111111 XU I

Figure 10،. The Caliper Tool can be used to measure ١ôad width and 
lead spacing ٠٢» an integrated clrauix.

How the Caliper Tool Works
The Caliper Tool uses projection to map a two-aimensional window of an image (the caliper 
window} into a one-dimensional image. Projection collapses an image by sJmming the 

pixels tn the direction or tne projection, vallen tenas to amptiry edges in n٦at direction. 
Figure 105 sh٥ws an image, a caliper window, the one-directional image that results from 
projection, and в graph of أ he pixel grey values in the one-dimensional ؛mage.
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Image Caliper window

Projection 

direction

On٥-dim٥n3ion٥l
density image

First edQe Second edoe

Figure 1Ù5. Overview of the Cahper Tool

Yau may specify that the Câliper Tool perform pixoimapping before projection, Pixel 
mapping can be used to filter an image, attenuate or amplify a range of grey values，and 
othdAivied map pixel valuee. See Chapter 5, Pixol Mapping, in the Imag^ Pro٠٠،،/ng 
manual for a complete dQ6aiption of pixel mapping·

After projection, an edge filter s applied 0ًا the one-dimensional image to fur^er enhance 
edge information and to smooth the image by eliminating mina greivalue changes 
between neighboring pixels Thatare most likely caused ¿y noise. The edge filter produces
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a first derivative image (the most rapid changes in grey value in the projected 'mage result 
in the highest peaks in the filtered image). Figure 106 shows the one-dimensional image 

!r٥m Fi٥ure 105. an imaoe Qenerared by Iheedge filtor. and a graph ٥t that image-

эрп
.»иб٥

ш
 3٥

Ρ3

ngure ٦06. An edge 1er IS appneo ٦ 0ًاne ٥ne٠٥lr٣١ôr٦s١ona١ image that 
results trom pr٥|8C١١on

After ttie filter operation, edge detection IS performed on the fil٦6٢ed image. Edge detection 
 a method of evaluating peaks in The filtâred imaga and ignoring edgoQ that are not of ءا
merest, such as eages ^presenting noise in the image· Edge detection applies geometric 

constraints that you SDecify 10 each ed٠â or edge par found in the image. Appling 

geometric constraints provides a way to ،im(t the number of edges ro evaluate by assigning 
 score to each edge or воде pair based on such factors as the expected iocation of the ة

edge or edge pair, the distance between edges in an edge pair, and thö minimum grey 
level difference between pixels on each side ٥f The edge:

The Caliper Tool returns as many results as you have specified in the ccIPiPirims data 
3tru٠tu٢e and computes ^ie geometric average of lhe score of eacn geomeuic constraint 
that you specify. For edges or edge paire whose score equals ٥٢ exceeds the accept 
threahold, !he Celiper Tool retuma intorrnation ٥ιχή as the score and location of rhe edge 
or edge pair and tne measured distance between edges in an edge pair.

The controlling variables 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 

parame es. The type of tne data strucujre tnat deines a caliper is cc٠p_٠illp٠r.
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The Caliper Window and Projection
This section describes how you specify the caliper window, which is the subsd( cf an image 

in which to locate edoes or âòge pairs It tt١en describes praiscvan. whi٠٥h IS thâ mapping 
of the caliper windo'into a one-dimensional image. Finely It describes the &dge filter, 

which enhances edges in the one-dimensional moe.

Caliper Window
The CAlipor window\Q the p٥rb٥n Gt an image in which th٥ Caliper Too، goarchos for Qdges. 
Il ¡S delined by lhe search length and projection length[ which are th© width and height 
resoeclively. otthe window in an image thatwll/ be projected into a one-dimensional trnage. 
The caliper windew IS Illustrated in Figuró 107.

Search length

ة(gع
Edge detecöon

j،

M

H
if
i \ ^٠* Application point

Figure 107. The Ca١،٠ef Too؛ window

The pixel In Ihe center of tne caliper window IS called the application point. This is the point 
in me run-lime image ax which you want IO locate edges.

Caliper Window Rotation
For many applications ؟dge information is needed at more than one angle in an image. For 
example, to inspectarectangular parti you maywanitomeasurethe dimensions of tie part 
by proiectin□ t^ imaae firstSt 0٥ to measure lenpth. and then at 90٥ to measure width. The 

caliper window can be aiented at any angle to locate edges in an image. Angles increase 
In the clockwise direction from the horizontal axis.

Figure 108showB how changing the cahpef w!r١d٥w angle affects the projection and edge 
search directions at 90٥ rotations. The Caliper Tool runstasîer tor 90· rotanons man Itaoes 
for arbitrary roulions.
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Figure ٦08٦۴ ل ١ θ cahper window أج90ه  rotations

Skewed Window Projection
Figure 109 shows a -٦5٥ caliper window with window rotation disabled. In this case, the 

Caliper Tool creates a "skewed· winaow and projects It along the angle ٥۴ skew into a one· 

dimensional image.
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،mage

Figure ٦٥٥. Skewed window ρ٢٠ι٠ς٦ι٠η

When window rotaton is disabled· you specify how the skewed window wilt be Droiected： 
with or without interpolation, imerpoianon increases accuracy at the expense of execution 

speed.

When you use a skewed window without interpolation for pr٠|ecti٠9٦6 ٠لآ  pixels in the source 
image fire aummed along the angle of skew аз shown in Figure 1 ٦٥. Each pixel in the 
two-dimensionai image contributes to one pixel in the ٥ne.dimeri34٥r١al image. In 
Figure 110, th٠M pixels containing the number 1 oontribute to The deennaxion pixel 
containing the number 1, and so on.
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Image

Skewed
caliper window

1 ا2ا3ا4ا5[6هإ  One-dimensional

Figure ٦٩0. windowprojeciion wilhout١n٦erp٠ia٦i٥r١

When you use a skewed window with interpolation for projection, the stewed window IS 
tfanstormed into a rectangular window before projection. The transtormation is performea 
by clD trandorm(). whic; Ijses several neighboring pixels from the two-dimensional 
‘age to calculate ١he pixel value tor ٦he one-dimensional image. See Chapter 2, Basic 

Image Processing, in rhô Image Processing manual for a complete descripiion of !he 

function ٠1рм١гап٠Ио(т().
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Rotated Window Projection
Figuro 111 chows a -16٥ caliper window with window rotation QH9biQd. ،rt this ca٥٠ the 
Caliper Tool rotates tne two-dfmensiona) image and project it into a one-dimensionaJ 

image.

Choosing the Proiection Type
The choice of skeweaor r٥fâf٥٥pr٥jecti٥n depends on lhe angle of the edge or edge pair 
of interest in the image and the remaining contení of 이❷ image· lithe rotation angle IS close 
to 90٥ or if a skewed image will contain enough □f the edge or edge pair of interest to 
generate strong edges, you can use skewedprojection to speed program execution. 

Figure 112 shows an (mage, a caliper window and the one٠direc٥onal image that results 
from projection· The skewed window contains enough edge information, so skewed 

projection may be used.
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Image

Figure ٦٦2. Skewed proiection may be used

Figure ٦ 13a sn٥١٠٧s a caliper window where tne eages ٥٣ íntôfâst arâ at ٦5٥ and Window 
rotanon is disabled. A window large enough to endiose тИеэе edges would also tnclude 
much 0Í th© dark area in tris image, wnicn in some cases would result in a one-öimensional 

image where the edges are obscured.

Figure 113b shows a caliper window at-15٥ in the same image with window rotation 
enabled. Only the edges of interest are included in this window.
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Figure ٦ 13. Skewed p٢٥iec١i٥n (a) and ro١a١eö pr٠١ec٦١on (b)

Caliper Tool Optimization
When setting up the variables for a caiiper, you specify the following types of optimization:

• Space optimization: The Cajiper τ٥ά IS optimized for minimum memory use ar th© 

expense of execution speed.

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

٠ Default optimization: The Caliper Tool will weigh space and speed equally, using 
«lightly more ٥p٥c٥ than if you spocify ،pace optimization and ®lightly ®lower 
execution speed than if you specify speed optimization.
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The Edge Filter
After projection, an edge filters run on xhe resulting one٠dimensional image. The ейдеfilter 
accentuates edoes )n the image and produces a filtered image. The peak£ in this image 

indicate srrong edges，

The two parameters of tne edge filter are its size and leniency. Edge filter Slie is the number 
of pixels to each Side of the edge to consider in the evaluation. Edge filter leniency is the 

number of pixels at an edge to ignore between li^it and dark sides of the edqe (lemency 
IS described in funner detail below). Figure ٦ 14 illustrates an edge filter. The edge filier IS 
positioned over the leftmost pixel in th٠ one-dimensionai image where It will entirely fit in 
Ihat image. Pixel values to he lei! of the ieniency region аге зиттеа and subtracted from 

٦h ٥ ٠ um of the pixel values to the right of the leniency region: in thia ٥x٠mpl٥٠ (0^5)-(0-0) 
yields 5 for the edge fiter image.

leniency 
size غ Size

دا--'ك • 人

Edge 

filter 0 十 ٠

*

1-D 

image 0 0 0 0 5 10 15 15 15 15 10 5 0 ه 0 0

Edge filter 
imago ٦

Figure ٦٦4τ The Qôgâ iütôr١& ροβ١١١ο٢١θαin ١ا٦و  one-dimenaonal image.

As shown in Figure 115, the edge filler IS then applied al each successive pixel in he 

one-dimenaonal image uniil the edge filter no longer fits entirely in the image. Al each pixel 
position, Ibe pixel values ٣٥ !he left of the leniency region are summed and subtracted from
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the sum of the pixel values to the right of the leniency region and the result is written to the 

edge filter image■ The resulting image will be 2 ٠ Si2e + leniency -1 smaller than lhe 

oneidimensiorial ima٠e.

Edge 
niter

1٠D
imege

Figure ٦٦5. The edge ti١te٢ is applied at each successive pixel until the 
edge tilter no longer lits entirely in the image،

Figure 116 shows a graph of the one-dimensional image and the edge filter image from 

Figure 115. Peak position is calculated 0ًا suopixei accuracy.
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٠ Edge filter imaoe

1-D image

Figure ٦٦6. Edge filter image graph ٧s٠ one-dimensional image graph

The graph in Figure 11 ة represents an eage iiner applied to an Ι06&Ι Image; (aw 
applications would result in as Ideal a graph. All Images contain some degree of noise, and 

a typical edge in ٥n fmage con be ،ral pixels wide. The пвхт two serions provtae 
guidelines for optimizing the edge filter by choosing appropriate values for size and 

leniency.

Choosing Edge Filter Size
Eage finer size speckles me numoer of pixels on eitner side of an edge to consider in an 

edge evaluation. Size should usually be greater than ٦ because noiaein an image causes 
grey ،βνβ٠ differences between neighboring pixels. Figure ٦ 17 snows a graph ot a 
one-dimensional image of a light band on â dark background, and a graph 0۴ an edge fitter 
image where a size of 1 was used. Because mere is noise in the (mage, many moripeaks 

exisi than are of interest.
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Figure ٦٦7. Aneöge tilter size 0 ا ٦١ $ lypically too sn١al١.

Increasing size tenas KJ smootn me eage niier Image оесаиэе summing several pixets on 
either side of an edge tends to reduce the lets of r١٠ise٠ Rgure 110 shows an image 
similar to thô one in Figure 117 wh٠r ٥ ٥  size of four wa٥ used. The only two peaks ؛nine 
image are the peaks of interest· Size IS typically between 2 and 5 inclusive.
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Figure ٦٦8٠ Using tour 1or edge 10 ا١آ٣  s١2e reduces the effects ot noise on 
٦hGGäge tiHer.

Choosing Edge Filter Leniency
Edge filter leniency specifies a region ot pixels to ignore at an edge in an image. Due 0 
slight changes in edge or edge pair position or orientation, a pixel on the edge of a feature 
maynotâlv/ays have the same grey value. By setting â /ел/елсугопе betw، the light and 

dark areas of a feature, the eftects of slight changes in feature location on filter resits are 

minimizodi

Figure 119 shows a graph ofaone-dimensional image with two edges that span two pixels 
eacn. and graphs of the output ot two edge filters. The first edge fiiter has a leniency of 0, ٠ second edge filter has a leniency of 2. The edge filter with a leniency of 2 produces 
“¿her peaks. Two is atypical value for leniency■

58

SUBSTITUTE SHEET (RULE 26)



wo 98/18117 PCT/US97/18268

CallperTool 4

Figure ٦٦9. Ihe ettect ot ١ön١e٢١cv on an edge tilter image
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Point Registration Tool
This chapxef describes the Cognex Point Registration tool. It contains seven sections.

The first two sections· This one and Some Useful Definitions, provide an overview of the 

copter and define some terms that you will encounter as you read.

Point Registration Tool Oue/viewprovides information about the capabilities and intended 

use or ١he Point Registraton tool.

Hûw thâ Point Régistration 7رهه XAZorks provides a general dascriotion of the oœration of 
the Point Registration tool.

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

with the Cognex Search toó

Using the Point Registration Tool describes some of the techniques that you Wil) use to 

implement on application uBing th٠ Point Regictratlon tod.

PointRegistration r٥٥/Datâ ك٣مرء/ءىم0ك  and ۶٧ncwonsprovidesadetailôd descrlpcon of the 
data 3：ru٥tu٢es and functions that you will u$e to implement your application.
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Some Use u Definitions
point registration A search technique designed to determine the exact point at 

which TWO images of the same scene are precisely allonedj

minimum سئ8 The lowest value in a function or signal.

locii minima A l٥w value in a function ◦٢ signal.

tubplxel accuricy Positions within an image may be specified in terms of whole 

pixal positions, in which case the poeition refer، 1٥ the upper*  
left corner of the pixel■ or in lerms of fractional pixel posiüons. in 

which case the ٠ûsitlûn may lie anywhere within a pixel. 
Positions specified in terms of fractional pixel positions are 
referred IO as having subpixel accuracy.
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Point Registration Tool Overview
The Cognex Point Registration 1001 performs fast, acetate point registration using two 
images that you suppiy.

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

٧لاه  иве the Point Registration too، to perform point registration by prodding a model image 
and a target image■ along with a starting point within the target ¡mage. The model image 

snouid йе a reference image of the feature you ere attempting to a،ign٠ The target image 

sh٥uld be larger than the model image, and it should contain an Insmnce of lhe modet 
image ١Minin 11·

lhe Point ñegistranon 1001 will determine the precise location of the model image within the 
target image: The Point Registration tool will return the location of this maren. called the 

reoistration point, with subpixel accuracy.

Figure 1β٥ illustrates an example of how the Point Registration tool performs point 
regisvation.

f - Locaaon ٠أ  model image
Model image Target image within target ¡тадв

Rgure ٦60٠ Point re٠stration
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The Point Regisrration t٠٠i ؛sopömized هأ loca e precisely Remodel image within lhe target 
image, θ٧θηιί the target image contains image defects such as reflections or if the mode¡ 

image is partially obscured by other features in the target image, Ficnjre 161 illustrates an 
exampie of point registration where the target image iapartialty obscured.

Locôtion of mode، image 
within targöt imageModel image Ta٢g٥t tm٥ge

Figure ٦6٦. Poim registration with parüa١١y obscured target image
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How the Point Registration Tool Works
The Point Regisrranon tool finds the location of the model image within the tfirget image. 
You operate the Point Registraron tool by supplying me mQdel ٥nd ta٢g،t im^es, along 

with the location ϋη the target image where you expect the origin of the model imageto 

be. The Point Registration too「will determine, with suboixel accuracy, where origin of 
the mode، ¡mage lies within trie target Image·

The Point Registration tool works by computing a score indicating xhe degree of similarity 

between the model image and a particular portion of the tor get image that is ti٦e same size 
aa the model image. This score can range from 0 to 255, with a score or 0 Indicating that 

trie modej image and the target image are perfeciiy ^mila٢ and a score of 255 indicting 
that the model image and th٥ target Image are perfectly dissimilar. The tool complies mis 
score for locations in The immediite neighborhood surrounding the stortng point■ The tool 

will find the location within thie neignborhood of trie t٥rg٠t image that produces the local 
minima in the value of this score.

By adding an interpolation step, the Point Registration tool then determines the location 0؛ 
the modal image within the target image with subpixel accuracy. For tvpical images, the 
Point Registration tool can achève accuraie registration to within 0.25 pixels.

ج٠ءلأهه٠  of the way !he Point Registretion tool ٥٥екз the loca، minima： if trie startng point 
you specify IS moe Vian a few Patels trom The actual registraron point, tne too! may not 

return The correct registration point. Thö exact amount of ٧ari٥n٥e that the Point 
Registration tool can tolerate will vary depending on the images. The variance may be as 

smaH as 3 Î0 5 pixels for some images or as large as 30 pixels for others.

Point Registration Score
Each time it 1Э invoked, the Point Rûgistrabon tool wiil reiurn, in addition ًها tne location ot 
the origin of the model image witbin the target image, a score indicating the degree oi 
similarity between Îhô model imago and thê target imag٥. The ЭСОГ© röturned by the tool 
witl be from 0 to 255, with a score ot 0 indicating that the model image and the target image 
are perfectly similar and a score of 255 indicabng that the model image and the target 
image are pôfíôcôy dissimilar.

If your point registration receives a high score, 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 Registraron tool, you supply tha tool with two images and a Storting 
location within the model image. The tool will confine Its point registration search to a small 
area around the srarung location thai you specify.
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The Point Registration tool can also perform point registration exhaustively, that is, by 

computing ttiescorefor every possible location of the model image within the target image. 
This procedure, called exhausîive point registration, [S extremei slow. It can be helpful, 

however, in debugging applications where ب١ج  Point Registraiion tool does not fippear ΪΟ 
be working correctly.

Masked Point Registration
You can limit ttw a٢eas of the model image and target image ttiatthe Point Registration tool 
uses to pertorm the point registration by supplying a series of rectangles to the tool. If you 

supply these rectangles, the Ϊ٥٥Ι will compute the score based only on Those pixels 
contained within the ectangles t٣١at you specify.

Figure ΊΘ2 ¡nitrates an example。f specifying 3 masking rectangle. In inis example, the 
right Side of the model s often obscured in the targe ima¿e. By specifying a rectangle that 

٥0٧er8 The left θΐάθ of the model Imfiger you can cause the Point Registration rod to 
consider only tbe pixels in lhai pan of the model image. This will tend to increase the 

accuracy of the point registration.

Masking 
rectangle

١懂"·
٠ ع_ _ل ع_ت  Location of mode image

Model image Target image within target image

Figure ٦62٠ Masked point regisuation

You can also specify several masking rectangles. Figure 163 illustrates an example where 

th، oantor of ٥٩٠ model imege is oft٥n obseured in the target image. 0y specifying a series 
of rectangles you can eliminate from consideration the par؟ of the ،mage that is mosr 

frequently ûbacured.
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Figure ٦β3. Мабкей point regietration using miüuple rocxanglee

If you specify multiple masking rectanales and the reciñóles overlap, any Dixels that are 
contained in more than one masking rectangle will be counted toward the score mulúple 

times,。nee for each rectangle ¡لم which they are contained.

In al) cases) the Point Registration too! win return the location of the origin of the model 
imege wihin the target image.

Image Normalization
The Point Registration 001 may not wo k well in cases where the model image and The 

target image have different intensity vaiues, y٥٧ can perform limited image processing as 

part of the point registra on by supplying a pixel mapping ٦abie.

If you supply a pixel mapping table, ö٧öry pixel in th٠ target image will be mapped TO th© 
value in the pixel mapping table at the location within the pixel mapping table given by the 

oixei's value. For example. !۴ a pixel in the target image had a valu، of 200： it would be 
mapped to the value of the 200내 element within the pixel mapping table.

IT you nave specified a masking rectangle, only those portions of the target image that lie 
within lhe masking rectangle or rectangles wtll be mapped trough the pixel mapping table.

For more information on pixel mapping, see Chapter 3, Pixel Mapping, in the Image 

PfûCGSSing٣٢\Â٢١u٩X.
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Comparing the Point Registration Tool with Search
This section compares he Point Registration tool witti tne Search ι٥٥Ι. Far more detailed 
information on the Search tool see Chapter 7. Searching-

The PoinT Registraron tool has ΪΠ6 following advantages over the Search tool:

٠ It is less sensitive to images that contain areas of pixels that have widely different 
vallas than ïhe same pixels in the model image (ا.ح.ا blotches or occlusions).

٠ It requires no raining step.

Th© Point Registration 1001 has the following disadvaniages when compared with the 

Search tool:

• It IS capable ot fine alignment only·

٠ it does not work with scaled or rotaied target images)

٠ It does not work well with images with brightness changes.

٠ It will not find ٥r rank multiole registration Oû٠nts٠

67

SUBSTITUTE SHEET (RULE 26)



wo 98/18117 PCT/US97/18268

PolntRegistrationTool 6

Using the Point Registration Tool
This section describes hew to USQ the Point Registration too!·

Obtaining Mode، and Target Images
You acquire the images that you use as model and target imagos using the techniques 

described in Chapter 1, 3000/4000 Acquisition and Displayt ؛n the 3000/4ÛOÛ Image 

Acquisition and //0 manual and Chapter 1, 5000Acquisition and Display. In the5٥٥٥ 
ムっつ٥٥٥ Acquisition and i/o manual.

You should acquire all images tnat you plan to use with the Point Registration too،, 
especially images ot scenes with low contrast, using a bit depth of at least 8. For isstesi 
performance, you should acquire images as FAST8 images.

When you acquire the model image, you should 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 IS designed to align arge images witfl a Wide variety 0؛ image defecis, 
but in ٠rd،r ior the أ0له  to w،xkt the model image needa t٥ be as free from d٥f٥ot ٥ ده  
possible.

Specifying a starting Offset
When using the Point Registration يههأ١ you must specify â starting location ¡n the model 
image. Th'tool will perform ¡IS point registration search starting at the point that you 

specify. Because the tool only seeks tne local minima ۴٥٢ the score value■ if you specify a 
curting loodtion thfit variõô gröatiy from the actual registration point『 the point registraron 
operanon will fail-

You can use other vision tools such as the Search tool or the Inspection tool to locate the 
model feature within The target image, or you can rely on operator input to specify ΦΘ 
coarse location of the feature.
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Point Registration Too، Data S^uctures and 
Functions

This section contains descriptions of The Point Registration tool data structures and 

functionSi All Point Registration ا0ًه | data structureand function names begin witn tne prefix ٠『·8-

Structure creg_params
crogjwifm contains parameters that determine how the point registration search Wilf be 
conducted. A structure of this lype is suppllea as an argument !٥ creg_polnlr٠gt8ter().

٠لل٦خقلالمه  <regÍ3ter.h>

cypâdâ؛ stiuct

{
32 سه1حأج  start،x,

٠ta،t_y/

C٠rnt32 rGCt__comit；
char *optionaljnap/

C_lnt32 flags;
】crea—D٥rams:

• srazixand starLyare the X" and y-coordinates of the starting position for point 
registration search.

٠ reacount is the number of rectanales in 0٦θ reds aroument to creo٠polnLregi٠terO.

٠ optionaLmap is an optional pixel map. It opDonaLmap IS n٥n-NULL١ the Point 
Registration tool will replace each pixel in the t٥rg٥t imege with the value C0٢٦t٥ined in 
rhe element ٥؛  optionaljnap corresponding to the value of the P؛XÔ٦ in the target 
image. H you supply a value for optionsLmsp. you muax eupply en image of type 

FAST8.

You can use optionaLmap to compensate 1or image-tú-ímagô brightness variations.

٠ ffags specifies the type of point regisraitonmai ΤΠ0 Point Registration tool will perform. 
flags is constructed by ORing together any of the following values：

٠ CREGJ٧PE ٦^\٢ ese ٢\٠ eá ١٠اً ١هلآمهد٦لا0اًيل\١0لآلاةفيه؛إ%هم\٠أ\١٠هةد\ل0؛٦تةح٢٧ح₽٩  

in the value of flags.

٠ CREG_TYPE2IS reserved for future use: you should never include CREG_TYPE2 
In the value of flags.

٠ CREGiNOPMAL is used Í0 specify a point registration based on iinding the local 
minimâ of the acore value.
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• CREGßHAUSTIVEis used to specify a point registration based on finding the 

global minimum ot score value.

If you specify CHEG_NORMAL and if 5tó٢r٠xand stâfíy are more than a few pixels 
from the actual registration point, The tool may return a location that does not represent 
tne best maTCh wlinm xne Image: It you specify CREG_EXHAUSTfVE, the registration 
will return the best registration match for the entire image· An exhaustive p^nt 

regldtreition will be extremely slow.

Structure creg_results
crag_p٥،mj٠g٠٠t٠r returns a pointer to в crenreiults structure. cr٠gj)٥|m_r٠giit٠r 
fills Tn the structure WI h information about the results of a point registraron operation.

♦include <rôgister.h>

typedef struct
(

float X,

y;
C_lnt32 ecore,

time；

char ٠nb_eâge_x,
٠n_edg0٠y；

1 cre٥_results;

٠ ズ and yare The X-coordinate and y١c٠٠٢dinate. respectively, of the location within the 
model image at which the Target ؛mage was found: xand ygive tne position with 

subpixol accuracy.

٠ score is a measure of the similarly between the pixel values in tne model image and 
τηβ target Image at tne nearest whole pixel alignment position, score will be between 

0 and 256, with lower values indicating a greater degree of similarity between the 

model image and tne target image.

٠ time is the total arnounr of time that the tool spent on this point registration, in 
milliseconds.

• onêdgej is set tû а попгего value if, along th© x-axÍ6. one edge of the model image 
area is at the edge of the target image· It onjdgej is nonzero, the accuracy of the 
position information may be sliohtly reduced from whet it would otherwi،® b.٠

٠ 0 اك0وه0ار $ setto a nonzero value if، along the y-axis, one edge of the model image 

ar； ts at th© edge of !he target image. If onjdge_y Is nonzero، 们٥ accuracy of Vie 
position ؛nformaion may be ¿lightly deduced from what ft would otherwise be.
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Function creg٠point_registier()
اه*شه،٤س٠١٠اا*اهه٠ع٠ء ،) pertormfi potnt reqistration uetng th٥ m٥d٠l imago and target image 

that you supply. The point registration wdl be conaolled by the parameters in the 

creo4)٠rim٠ structure supplied to trie tuncDon. er٥o_poinLir٠giiter() relume a pointer to 
a crogiresult· structure that describes the result of the point registration.

Winclude <registe،.h>

creg٠results ٠crag_p٥int__regieter ( const ٠ip_bu٤f٥r *target ， 
const ciPihuffer ·model, consc cia_rect *rects،  
const сгед^рагаШБ ،pararos, creg_resulcs ·reeultfi);

٠ target points to the image ئ use as the Urqat image for this point registration, rsrget 
must هدخ at least one pixel larger in Ьогй the ^■dimension and tne y-dimension rhan 
model

٠ /node/points to the image to use as the model image for this point registration, model 
must be at ،east οηθ pi>(ef smaller in fcoth he x-dimension and tne y-din٦ens(٥n han 
target.

٠ rects peints to an array ot cia٠roct structures. If rects IS ηοη-NULL, the Point 
Registration το٥Ι will limit trie comparison of pixel valUôS to just those pixels that lie 
wnnm me recrangtes comained In rects. if(ΠΘ rec angles )n recis overlap，a pixel will 
be included in the comparison once for each rectangle That contains It.

• params points【٥ a creg_pirams structure that defines the parameters to use for his 
point regisuaTton.

• results points to a cr٠g،r٠٠utt structure. cr٠94>ûint٠regl٠ter() Will placa Ibe results 
of this point 0 ٢ج٠أكا٣هااد  in £ك0ئرلا  and will return a pointer هأ سءهك：ه .

If you supply NULL for results, c٢٠g point r٠9٠iter() wtll allocate a cr٥٥٠r٥٥u،t 
structure from the neap using the default allocator. ٧ou can free this s^ucrure by 

calling free()

cregj)٠int_realeter(> throws CGENJRFLBADARG if

• rects is NULL and the recLcounrfield of params is nor 0

• If modGl ia larger ttian or th ٥ همهد ٥٥  target

٠ If the Stórizfield in param5 isless than 0 or greater Than rhe width of rarget minus the 
١w\d١h٠lm٥del

• If the اكىك٧  field In oaramsis less than 0 or greater than the heigh! of fafpeiminus the 
height of model

٠ If mode/is NULL

٠ If paramsis NULL
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An Overview of the Line Finder
The Line Finder computes رأ١ح  locations of lines in an image. For each line that It finds, il 
return، an angle e and a signed distance dfrom را٦٠ً  cantral pixal of the imaga. Given Θ and 
d, you can espute ail points (x,y) in the image that satisfy the equation of the line (as 

illListrared in the section Ths Transtarmstion from Canesisn space ¡٥ Hough Space on 

page 204》. The algorithm thal tne Line Finder uses, along with the angle/distance 
classification of Ιί ٢^١  is explained in How the Line Finder Works on page 166،

You can use the Line Find®٢ in either of two modes, quick or norma). In quick mod© the Line 
Flnaer provtaes me location or The point along eacn line mat is nearest 10 me center of me 
image· along with tbe angle of the line. In normal mode, the Line Finder also estimates the 
longth And density ot each line tnat It locates, using statistical methods, and returns the 
position 0۴ the center of mass of the line.

Figure 70 illustrates the two modes of the Line Finder, The ؛mage ؛n Figure 78a Is snown in 
Figure 78b after me Un© Finder nas been invoked in quick mode. Thepresence oi ttie four 

 the screen at a constant lengrhi but no attempt is هأ is indicated. Each line IS drawn $ف11

made to estimate its actual length· figure 78c shows me result when using the Line Finder 
in normal mode: The length of each جةاا segment is estimated.

For a aetaiiea explanation or tne aaia ٢θΐυ٢ηθ٥ Dy me une Flnaer in eacn moae, see me 
section Results in Quick Mode and Normal Mode.

Figure 7δ. An image (a), nnes touna In qulcK тойе (b)، and line 
segments tound ١٢١ normal тойе (c)

The Line Finder finds lines regardless of grey scale ٧ârlâ!lonsln the image· rotation of the 
scene, or changes in scale. A ryoical application for the Line Rnder is locating fiducial 
marks in a senes of images in which grey levels, scale, and rotation are unpredictable trom 
one image to the next, figure 79a and figure 79b "lus rate two ؛mages, each containing 

the same fiducial mark： a square within a squarOi However, the sizes of the marks, and their 
rotations differ between tne two images■ Also, the mark in Figure 79a isa dark squarewithin
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a lighTer square againsr an Θ٧ΘΠ lighter background, but lhe mark in Figure 79b is a light 
square within a darker square againsi a darker background. As shown in Figure 79c and 

Fioure 79d. the Line Finder iinds rhe outiines ot the fiducial marks despite these variations.

d

Figure 79. جآ١ج فا٢١ة  Findet ■١s immune ٦0 grey sca١e١ size and ةاها٦ًها٣١  

changes

since mö une Finder Is an Ιηΐθ٢πΐθθΐ0ΐθ-Ιθ٧θί ًلهها. your appiicanon Will proDSDiy require 
 hat you do turthöf processing, using the results of the Line Finder as input. You will؟

probably not be searching for lines ٠n your image, ٥ut rather for a föature whose presence 
IS implied by the localions of lines. For example, in Figure 79. the Line Finder does nor 

rsturn thö locations and dimenwone of the fiducial rriarke1 ٥nly the looaöona ot the lines that 
bound rhe nested squares. Compiling the precise locations and sizes of tbe fiducial marks 

requires post-processing based on the Linó Rnder٠s results.

The Une Finder demo code includes post-processing ofthis sort. It contains functions that 
locate squares ٥۴ any size and rotation, Lising the Line Finder. This code deduces the 
presence of squares based on the Line Finder's results( eHminating exiraneous lines. See 

Chapter 1, CognexAPI Introduction, in the Development EnvirOnment 1 manuûl for the 

location and name of the Cantour Finding demo code on your system.
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How the Line Finder Works
This chapter explains how the Line Ffnder finds (¡пвз in an image. This discussion IS dMded 

into the following eubeectione:

• Defining a Line by Angie and Distance describes the definition of a line used by the 
Ltne Finder.

٠ HoL^h Space introduces the twOidimensional space in which the Line Finder records 
line،

٠ The Hough ¿」'ле Transform describes the algorithm that the Line Finder uses to find 
lines In an Image.

The Line Finder usesaCanesian coordínale system whose origin is the center of the image. 
Most of the example，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 of 
the two systems are the same, but the yaxes are opposite. Note also char positive angles 

in Cartesian coordinates are measured counterclockwise from the x-axis: positive angles 

In image buffer coordinates are measured clockwise from he x٠axls.

Figure 0 Image butter c٠o٢٥ma١es and Cartesian coorúinates ج٠

The Line Finder uses the central pixel ot ]he image as a reference point, The image buffer 
coordinates of his ptxel (xc, ركز are computed wiih integer division: using the following 

formulas:
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χ٥ = W/2

Ус = Η/2

Where WIs me widin ٥r rne image and His the neight of the image, in pixels. In the Line 
Finder, the Cartesian coordinates of the centrai point in the image are (0,0).

Defining a Line by Anole and Distance
The Line Finder defines a line (in Cartesian coordinates) by its angle from the χ-axis and by 
the signed distance from the ¿enter of the image (the oeriral pixel) 10 the line. These two 

parametQrs uniquely describe any line in Cartesian space.

The feature in Figure 81a _tains an edge !hat Iles along a "ne (Figure 81b)· The "ne is 
defined by its an^je from the horizontai (Ö) and by (he shortest distance from the center of 

the ؛mage to The line (Figue 81 c). Note xhat xhe distance vector IS perpendicular to the line.

Figure 8٦. Angle and distance define a line

In the definition of a line by angle and distance, he distance IS negative if the angle of he 
distance vector (in Cartesian c^ordinates)is greater thanorequaltoO0 and less thanl80٥： 

the distance is positive if the distance vector has an angle greater than or equal io ٦ 80٥ and 

less than 36س.

Distance is signed to avoid the ambiguity illus^ated in Figure 82. Figure 02a shows an 
image WITH rwo features■ Each feature IS bordered on one side by a ilne. Attnougti cne tines 
are different, they have the same angle â and the same absolute ¿«stance dfrom the center 

(Figure 82b)·
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Figure 82. ٦6جآ angle of the distance vector determines The sign ot the 
distance

By designating a sign أ٠  the distance vector teased on Its angle (δ In Figure S2c, δ٠٠٠ΐ80ΐη 
Figure 82d). each line IS ensured a unique definition. In this example, the two lines are 
coined as (Θ, d) and (Θ، -d}.

Once you know the distance and the angle of a line, you can compute ali pointe ،Xo, ا)هكز in 

Cartesian coordinates, that lie on the line. Given a distance· ٥and an angle ٥，a line IS all 
pointe (x ٠ ركل  that satisfy the following equation:

d = X٠SÍDÔ٠y٠C٥ge

The derivation of thie ۴٥rmul٥ id aupplied in he eeotion ThG Transformation from Cartocian
Space to Hough Space ٥n page 204. As an example of ite application, ife is 45 and di$ ٥١ 
a line is all points in Cartesian space that satisfy the (allowing equalities:
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0 : xsm(45)-ycos(45)

A 1 1
غوغع;ه

x = y

Hough Space
Hough space IS a two-dimensional space in which the Line Finder records the lines that it 
finds ٠n sin image. A point in Hough space represents a line: one axis represents angle, the 
other represents distance.

Hough space is implemented in the Line Finder as an array: a Simple example ¡S shown in 

Figure 83. The Hough space in this oxample can record eight angles and nine distances 
and therefore 72 lines،

The Line Fincier lets you control the size of Hough space. You specify the range of distance 
in pixels, and, in the edge detection data structure that you pass to me Line Finder· you 
supply thö number of angles that the Line Finder can compute.

Figure 83. Hough space

The Hough space in Figure 84 contains a single line. It has an angle of 135٥ and is a 
distance of 3 units from the center of The image.
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Figure Β4. Hough space con٦ai٢١ir١g a single Une

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 
witti edge detection and peak detection, as described in Chaptêr A, Edge Dejection Tool, 

in the Image ۶٢٥cöss/ngmanual.

The Hough Line Transform, as implemented by this tool, takes advantage of the following 
rule; If an edge pixel's angle Φ ana location (xO,yÛ) 15 known, 0ΊΘΠ the line on which the pixel 
les is atso known: It ؛s the 1ΙΠΘ with angle ٠٠ 90 tha! contains the pixel (x0,y0) This is 
itluetrated in Figure 85.

170
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Figure 35. Four eages in an image(a)٠ edge angles أج tour eage pixels
(b). and line angles at those pixels (c)

The Hough line Transform is implemented as follows:

1. Using edge detection· tiie Line Finder creates an edge magnitude image and an edge 
angle image from the inpur image.

2٠ The Line Finder creaks and clears a Hough space.

3. For each edge pixel in the input image, the Line Finder does the following:

٠ Using Π٦Θ edge angle 0 and location (xO,yö) of the pixel, ٥٦e Line Finder calculates 
the ike's distance from the center. ٥٠ and ¡ى angle, e (using the formula θ：φ۴ 

90).

٠ The Line Finder increments the bin in Hou٥h soace representing the line (θ١(ή.

4. Once al، edge pixels in tbe image have been examjnedi rhe Line Finder searches 
Hougn space Гог maximum vallas, using peak aetGctlon. The hlghôst value in Hough 

space represente the strongest line tn the image，me second highest represente the 

second $٦ronges٦ line, and so forrn.

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

Figure 86 through figure 89 illustrate his method.

Figure هةة د؛  an image passed to tbe Une Finder. Figure â6b ¡٥ a stylized edge 
magnitude image created irom the fnput image.
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٠

b

Figure ее. An input image (a) and the edge detected input image (b)

Each edge pixel iS processed, as described above■ For example, because the outiined 
edge pixel in Figue 87 belongs to the line (90, -2), the bin in Hough space tnat represents 
thar line is incremented.

315

ه]لآ

225
Angle 180

135

90

45
0

0 0 0 0 0 2 0 0 0

0 ٥ 0 Û 0 2 2 0 0

0 0 2 0 2 1 0 0 0

0 0 0 1 0 0 2 Q 0

0 ٥ 0 ٥ ٥ 0 ٥ 2 ٥
0 。n 0 0 0 0 ٦ 0

0 1 2 0 0 0 0 0 ٥
0 0 0 ٦ 0 0 ٥ 0 0

4 3 2 1 ٥ 1• 2- 3- 4•
Distance

Figure 87. The bln tn Hough space ÍQT ١۴١e edge o١xôl٠s line IS 
incremented.
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Figure هة shovw tne final Hough space along with the input image. Figure 9ة shows the 
peak-detected Hough space٠wltt٦ each of the peaks outlined. Figure 89 also shows the 
inout image with The iines, represented by the peaks in Houah space, drawn into input 

image.

315

270

225

Angle
Ί0Ο

135

90

45
0

0 4 ٥ 0 0 2 ٥ 0 ٥

0 ٦ 0 0 ٥ 2 2 3 0

0 0 2 0 2 1 0 0 0

0 0 0 ٦ 0 0 2 1 0

٥ 0 ٥ ٥ Û 0 ٥ 2 0

0 0 7 0 0 0 0 1 0

0 1 2 0 0 0 0 ٦ Q

0 0 ٦ 1 0 0 〇 0 0

د- -3 -2 ه1 0 1 2 3 ع
Distance

Figure جج. The final Hovigh space and the input image
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0

270

225

90

45

Angie 1в٥

315 0 4 ٥ ٥ 0 2 0 0 0

0 1 0 0 0 2 2 3 Q

0 0 2 〇 2 1 0 0 ٠
Q Û 0 1 0 0 2 1 0

0 0 0 0 0 0 ٥ 2 0

0 0 7 0 0 0 0 1 0

0 1 2 0 0 0 ٠ 1 Û

0 0 1 1 0 0 0 Û 〇

_4 -3 ■2 •1 0 1 2 3 4

Distance

Figure 69. The peaKOetectcd Hough ®pace and ؛٠٦٠  Input Imago, with 
lines added

Noce that the Hough spa Θ contains many extraneous lines. If. for instance, tne vision 

problem ¡S to find the rriangle in the ima٥e. the tower scor no lines ttiat border the blob need 
to be eliminated. Almost all ٥۴ the LmeFinder applications require postprocessing of this 
son. In this example, simply locating the three highest peaks in Hough space eliminates 
the unwanted lines (Figure 90). In m٥s٦ applicatifs, the required post-processing is more 

complex.
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270

225

90

45

0

180
Angle

135

315 0 4 0 0 Q 2 0 ٥ Û

0 1 0 0 0 2 2 3 0

0 0 2 0 2 ٦ 0 0 0

0 ٥ 0 1 ٥ 0 2 1 0

Q 0 0 0 0 Q 0 2 ٥
0 ٥ 7 Û ٥ 0 0 1 ٥
0 1 2 0 0 0 0 1 Q

0 0 1 1 0 0 ٥ 0 Q

4 3 2 1 0 ١ 2- 3- 4-
Distance

Figure 90. τ۴١β ои!р،л image after post-processing
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* Copyright (c) 1996 by Cognex Corporation， ًحئحقلا اًح٨ ددتا:>,
٠ All· rights resened. This material contains
* copyrighted work, which includes conriden:ial and proprietary

* information of Cognex.

cwa٠find_t:argec. c, Aaron Wallack - 3ذ Apr 1996 : Cr٥a:ed. 

Time-scamp: <96/07/30 09:32:47 awallack>: last ٢ا٦٠ًقمذ؛ذق .

* ?Revision: /main/noneS 

*/

**include <prea!ign٠h>

^include <math.h>

itinclude <stdi٠.h>
itinclude <cc：.h>
**include <p.h؛c>
tt include <c:m.h>

^include <caq/caq_def .h〉
^include <с٠٠٧а_рг1'；.ь>

^include <sear:h/c:r٠def.h)
^include csearch/cse def ٠ دف
ftinclude ィ，* ٦，，_，/٦，٠١ ，"， 'η١

#].nclude <clp/'c:lp e^ .h>
tinclude؛ <:hp.h>

*ا
*

*
*
٠
*
*
*

 This fiie includes a :٠تد٠ئح3٢ذ for ق:تذ٠تت:ذ٦لا a ح؛ح5؛ثقتة ح٠حك

:.square) :arge

٠٣٢٣۴٣٠٠٠٣٠٣٠٠٠٣٠۴٠٣ 4rrrrلهض٠٠شدضضضضدضد
٠ب ٠٠ ي٠ 4 ٠٠ ٠٠ ه ض ٠٠ ض ٠٠ ض أ٣أ٣ب٣٠٣٢۴٠۴٠٣٠۴٠٣٠٣٢۴ *م

4ددضحلهدلهضلهددددد ٣٠۴٠۴۴٣۴۴٠۴-٠۴۴٣۴٣٠٣۴٣٠۴
4لهلحلهم٠ه،د;مدم٠دد٠م *٠۴٠۴٠۴٠۴۴٣٠۴٠٠٠٠٠٠٠۴٠۴٠

٠۴٢٣۴٢٢٣ ه٣ب٠۴٠۴٠۴٠٣٠٣٢۴دلمم،،دلذ،لهد٠ح٠ح،ضضله
دمدلح،دبله4٠٠مدددد ٠٠۴* *٠۴٠٣۴٢۴٣۴٣٠٠٠٣٠۴٠۴٢

*

*

r* ۴۴ ٣٣ أ٣٠۴٠۴٠٠٠٠٠۴ ب٣٢۴٠٣ 4 د د م ٠٠ ٠٠ ٠٠ ٠٠ ٠٠ م 4 ٠،
*4٢۴4τ٣4٠۴٠٠٠۴٠۴٠۴٠۴٠٣44τ۴٠مهددم٠يد.«ضسملحملح٠；4

*

*

*

*

★

لحضمدمد٠٠٠لهلهلحلهلح٠مدلحنيمد4 ۴٢۴٠۴٢۴* ۴٠٢۶٣٢۴٢۴٠۴٠۴٢۴۴٣٠۴٠۴
د٠،ددلملهضلحله،ذ،ددظعلح4مد ۴٠۴٠۴η۴۴ ب۴ه٠۴ ب۴٢۴٢٣٠۴ج٠۴٢۴ا

لحدد،د.دد،دهلحد،دعهلي4لحد،دهد fftttf ٠۴٢٣ أ۴٢۴٢٣٢۴٠۴٢٣٠۴ 1*أ۴أ۴

###############
*

*

* The algorithm is intended هح handle ： ذ٦ح  cases when كح٦ح  ü^rge: دن
* imperfect (occluded or broken)

########################### ٠
* ########################### (ccclusion)

* ############

 ٠ #####؛؛،،####
############ ٠ 
############ ٠
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٠ it###########

٠ ###############
* ###############

* ###############

* 講###講#涵##
* broken штшшп

* ишнтш

############### ٠

* These routines are intended to be used as a Si±irou：ine ؛or

* determining the cameras*  field of views ( ٦غحلمي  respect ：٠ an absolute
* coordinate system derined by a motion stage),

arge=) t:akes as input :^The target localization routine (cwa find٠ * 
:er containing an image of the targe؛* img - a cip٠buf 

he: ل:٦ج:ذححجحق:ق ◦calib - a cilibration scructure intended t ٠

* non-reccangularity of the pixels 

 angle - the orientation of :he crosshair * دل :erms of ذ٢٢٠ج؟ق

coordinates {we require Chis *

 orientation eszimaze гг be * ححةاحف3ةى دح ث degrees, ：٠ح5 حذغقح٢تئ

 * resul:· - ٠٠حهحتذ to a حذث_ةنيأ'ح٦ح 3؛ح٠حتلى١٠هكذ ئم■٦كح6 هغح كج؛١حذك ٠٨ذتت دتئ

٠ حج:٦ثد٢٢ةهئ

جحة1ت：مه١ج2٦تح :

Image quality：

perfec: 7تلتةل٠ع يءق The image of the crosshair mus: be * 

square 00 لم00 ذه<تتح X： ة throughout ؛* (without occlusion or breaks 

he crosshair c٥n:er.؛: * surroimding 

ce a: 1프크5匸 تح033كتتت :٠حةذا * Consequently، :he cencer of ：he 

frcm * SO pixels awa٦٠ ئح٦ح borders 3؛ ٦h٥ cip .حيت:فاح

٠ Orientation esZLXTtdt^ ححة٦حق:ل٦م  :
* The gi١;en angle ئحكح٢ا٦ًححق  (given دن حهح٦٦ة  of I^age ت00تلمتح3كقح١  must be

* accurate to 3 ٦حتت:تي  degrees 0.35 ٣كتلذتحة

* This alqoritm tolerates 0 :ح1١هتحد٦٦  and breaks ت٢ئ  ：he ٣arge٣
* so long as these imperfections occur a: ].eas: 50

* pixels away from the crosshair center

* Major Consideration:

* One interesting thing to note about crosshair eaiioracicn, and zhe reason

* that we use fcur distinct rays, is ：hat the separation between :he opposite

* rays depends upon the lighting and ة٠تب؛ح٦م:لم  of the lens ٠ ?urthermore, we

* cannot assume that the separation between :hese edges ذذذلا remain conscant

* from one setup to another

* What we really want is the position of Lhe ،الج 

* ###########
* ############

############ ٠
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 ###########ي
############ 
###########ي

############### 

И############# 

тшппти 
^шшшнпи 
иттииш 
###############

is, i: ：urns OU： Lha： :he ٠؛؛3كتأح3ئحة:ةهح0٢لم Since we do not bow what ：he 

 repeatabilit:：/ of ：he encire تأت؛ ت(٠هتحق:ئثةح٢ئ 0؛ :he cresshair) is belade؛

ines.:こ deesn1: make anح؛٠حف ،٦٠ he smallest of :hese^ 0؛ by the accuracy 

have 50 edge /0٢ذئ٦ we ٢ق٠ر ؛ن rom ene00٠0 ه٠ت٢تحئ ؛ edgeهح جقفثحاتمئ ل sense 

order cf هتح error ·사二،- be on ل0حذحقتذذةح٢ئ poin:s from another (:he 
0 1 /٠/٢٣٠- كعك٦\ ٩٠Ί م عمد١١ج٦٣م ٠لئ-٣مم٢٢٠ ' ' م جع٠٠٠٠ا٩١م ٩٣١ مم <：١٠٠٩۴١٠٠٠٠١ ٩م٦٠ ٠ ٠٠جي٩ ，，-、 دد. مادف W \ رلأر ; سامنياى I في^(|داستم،٠لاله نندههلهابا٠ —٠ · د ٠ هلا . د، Й ٠خى هـى٠٠ص د *ساد▲—•٠٠٠٠٠ م ب ٧فف ٠À^a٧ ه صهـي«

ZLxei.； . .0ت accuracy ◦f

ω٠ نمج٦ م ٠٠٠ ب جم ٣۴١ ك٩ ب □ ٣ ه ٠'·٠١ ه سم١٩مم م，，"，，أ，、د，"٠ وبي بممح٠ه ٠١نم١!ا١٠٠ي ٠٠٠٠٦٣٠٩ ل٦٣بمم١م٠ *د· ١م٩٠مم ΠΙ ٠٦ممه٧ ؛تج ي ف في ه ض ره ت تحفي١خني3،4٠ ٧٠في١ك ما ،لمع 1٠、ص ئ ، ٧٠« ١١ر،. ا٠ ه ١م في٠ لا٠4في١ب> W .مد١*٠— في·、— د - ٠ ب •٠٠ ١ر L· سف نيا ن I٠w<٠ - ٠٠٠ *' ٠ل

3 ：ЗГححق:ري تحح2ح ここ:he same ذخ هتح: wan:こご ةك'ثة7ك because we

 highest accurac：/ and . When ؛ح٦ح دئذتحح٣تتحة٦ :arge: ة.ت

 occluded bv a :ةج：حةذذآحذ حت٦ححج ت:ئك؛ا as :he corners تمح٦حق can هخ seen تمذ٦

we use the exac: sane nur^er of pixels cn :he عات hen^ , the da:a٥ase٦ 
hen： raةا؛ح ٠٠غحقئاذ: ٦٦ on ?٥ 0؛ كذه<رتг٠±пигт ٦ ئح٦حm٠c:2٠uded гну as opposi：e 

ray ٠تل،0ذحح٠يجةد СП :he ةذح<:قح we will always be locking at :he same

 Basically, sines we de no: ^now ■١ي٢ت:تذذ edge ح0تحتت correspor؛; ح0

 imperfections in :he حقح9حح an؛ wn::h edge ٠تتح٦تئccrr^spond 3 ج0

occ: - 2：гарр：1.г٦д 모二^0٣二ニ^미 to" ة points on :he targe：، we use ٧حغلة
compute regions where ecge peines are رل٠سعلالك .

GOOD ٥ 3اً；تغتت(ذةغةc: the5؛ perئ Assuming that the target 

S；REGION (center 5◦ pixels), we car: four GCCD RA٦ 
crosshair center. ًجحح؛٠ جتتا characterizing ^he four rays e^ïinàZmg 

٦7ÄLID REGIONS (the the قاحتجةة Then, we can use these GCCD RAYS t2 

the GCCD RAYS) . Finally, 0؛ set of points within a TIGHT_iraESH٠LD 

ng back and_[we improve the estimates of the four ra٦zs cy g٠ 
we encoLLUCer an .تحسا٦ enumerating edge points along ^he GCCD RAYS

R٠G：3NS. ٦تحخخر edge point which falls outside the

Definitions

OTARAOTEED GOOD REGION
that :he calibration taras: ئةتذ3ح we ner٠^٥ region surrounding the origin 

must be perfect

GOCD 

region حى0ة he guaranteed: ٠٠ئحتي٦تذ A ：ay fit to points enumerated

VkLlD REGION
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Region suroT-Lnding good ray where 'we تاً rus ح ذح٦حع :due he edge ΌΟ1ΓΖ2 ar٥ ح0
the crosshair and no： from occlusion or breaks

* OUTL：SR POINTS

* Points which we cannot crust because ةغح٧  do 3 حه ئذة£ ٠تذغتئتك  che ’，alid

* region

* CENTER OF CROSSHAIR TARGET

* V ٠حجذثحئ
* V edge poincs

٠ ##بد#################٠يددب#س##دم###ديم#########هبجغ#يسديدد#دد；دد٠٠٠٠٠٠٠

٠-------- -- --- -----٠ -good ray---.-------ل> ######## * ---------------------
* ########

* VALID R٢G：ON

* ########

____<٠-_g٦٠aran：sec؛ gccd تاًدح0ت

 * ٠pting a¿We are a عححجئ٢-3تع-هحق3ح٠ح:حح٦, s:ra:eg٦F f؛: تتئغتقد9

 * ccelusicn (as seen as we see a "baa11 pel·：:, we ،cse ثحذقح٦ دن ذذة 0؛

 * the ق٦فل3ج٩٦حححل ροιη:٥.) تحئة0١ف9ة ئتا٦ًةت apprcach IS د٠,ذة:تح؟حغ ؛ح٦ع

perfec: OOinzs ع0 ح0٢لتذةحت ح٦ئ:قه٦م mages seem ث database * 

practice. دئ should werk well ًناi ًحةغتا * from the origin

:* Mgcrithm

0 approximatelyح а::.зг; search،ггحءة٠جحذال ال0：٦آ١خجتتئة ::٥ Use زل * 
iQcacs :he crosshair ٠ 

a r::^：ed ؛* This involves constructing a syzzhezic ：cdel o 

crosshair :enter isee gr:ss *ئ__ccaحe٠^٠؛حзssذةغrلcقحتهrحذلتتلτ٦age ي :

 ٠ 2) أذت٠٢ج٢٦ this ت٠ذةتحذت ?٠ح:ذحتك ااً_ذحةج٦جذاًة تة٦ك ئح٦ج -ححةلا5٠غحذذ??ف
localizing ٥ ئ محs:٥s:ima ؛؛ 0تحةححتحت؛0ل٦ذكestimace, improve Zhe pQsizzanal an ★ 

r:m zhe crosshair center. ：his :volvas٠ ؛ng:our good rays eminac؛ ★ 
* enumerating edge points within the GUARANTEED GOOD R£G10N (50 pixels)

* along the supplied orientation as well as 

These computed four GOOD RAYS are used . ت/ت?ب * theüa+PI/2,theta+ΡΙ,theta + з 

hese؛: ,in step 3 to check whether edge pointas are outliers, ：n other words ٠ 

Al4：D REGIONS separating good edge peints (points we；٢ four good rays define ٠
* believe correspond to the crosshair) from bad edge р٠1пи (points we 

* believe are due to occlusion or breaks) We should also poin: out that we 

* fix the orientations of the four rays by "averaging" :hese orientations, 

our rays correspond to؛ ★ i.e., we incorporace the constraint that the

* orthogonal physical lines. (see 

٥ed٠g٠٥d٠٠rays ()):* compute_center٠position__and_angle_assum:i.ng٠٠four_guaran

we find an 3 * ١ذتحعلا) Go back and enmerate edge Ooints άΐοηα the four rays 

 ٦ZAL：D REGION constraints. We * edge peint which dees not satisfy :he قلة0

numbers of 0 ثةكاًة realizeح chrow out some of the edge points in Qrder * 
rom opposii^s rays. (see؛ * edge peints
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* с٠три：е٠:؛епсег ة٦

NOTES *

 ٠ng:along rays eminat ؛r،?: هغح

 away ؛r٥m the origin sc chat we den I ح

edges (this buffer zene zs
سئتآحغتح_8?ح٢ج1لح٠ة0_^ع٨اًحتآحةت1حتحلد٢٢سمي٠,

When we enumerate edge poin：s 

we star： out a small distance 

get confused by cwo different 

characterized by the constant 

which is 10 pixels)

The central function in this algorithm is 

enumerate٠p٠ints_and_fit_!ine٠al٠ng_ra٧() which enumerates edge pemts 
along a specified path. enumerate^Qints_and_fit」ine_alang_ray() applies 

calipers at sample points along the path (the edge es^i^ates :an be 

further improved using parabolic SLihpixel· inLer?٠].atior٦; Along a specific 

path, enumera:e٠p٥in:s٠٠anci٠f i ح٠تل neلal٠ng٠ra ٦/ ٠ ： ) a!wa٦/s makes in:egral تاذتئا 
steps in eicher the xcry قireذحمcn. This دن sc غخ3ح  we can azzly 

axis-a٠igned calipers alang e١zer٦; row or ذحم٦ك٢ح٦ ٠ئهغس٦ ئح٦ج  s:ep Size :s ث

 enume^ace 0٠ت٦تذ_حئ؛ل_ي^ق_كح2;ت:ذق_حاكحةح ؛ : enumerares edge 33ةحتذ

 luntil تآت either enc2im:ers a bad ح dge حهمئحسمك o r حتذ،3ه٦كع د ق I » ٠ ب ٠ ن I ٠ يح

 the edge segmen: I A： this ح0,حتئ ت٦ ceases ح٢^فال٦;■تئحتحج ه;يح ت0حتذ3.

 and ة:ت؛ a line co ^he ٠0.دحتذ ：؛٦عكح are ؛sur ways a: edge تذحسم٦ت

 can be 1*bad" . ：؛

er ΐιζζ;ηα؛:c a تأن حجحاتد٦٦ة ,siz：3.z:ans ث0١حف ers an：/ of these::enc٠٦ 
 the line,· if تآت successfully ه٢حفات٦حدحةحه ذذق cf :he edge ح0ةحتئ

.1 along zzs specified course، i^ recdrns

a: :he sample OQinz 1 حة?ذذةم قةذاتحجق. no edge is feumd by Che

h:ghes: ئح٦ح and ن ئح٦ق جحئذةح٢'/ ¿few 2 دن. more than ane edge 

highesz ؛::of ：he sec scoring edge ;s less ：han Z'^:c° :he sco٢٥ 
scoring edge (this 2Χ comes from :he C٠K?US：ON_TH?£SHC：،：；

the diszame ce:ween :he‘) 3 دة ٠٦حمذذحذ. the ccmputed edge OCim iS 

(larger zhan zhreshald دن edge point and Che nominal line

4. the caliper extends outside of the c^p_b^ffe٣

* When we call enumerate٠_،p٥：Ln：s_and٠_f ت ل_ح ine_a]،ong_ra٦z < ؛ in step l·, we
* specify a ray from a point near :he crasshair center tc a pomz 50

* pixels away from the crosshair cencer. We do look at the return ٦ظقر
* to check that the enumerate_p٠ints_and_fi=„line—٠al٠ng_٢ay() did not

* encounter any problems.

in step ；, we ( ٣.؛ay__When we call enumerate^oints_anci١fit_iine_alQng *
* specify a ray from a point close to the crosshair center along a 

000 pixels away (guaranteed to be outside theلم * good ray to a point 

n：s, we،we do no： see any "bad" p؛ح ٠ * cip٠buffer). Thereby, even 

,at seme point ئلحت:1حج؛تف he: قجد٧ج mdoubtedly'- ٦ئتلمي *

we ثج٦عك object ：o cwa_find_：arget LS تح^فذتةح0تل The reason we pass a ٠ 

recompute the orientations * ؛ح ئج٦ح ٠rat;^nç the?four rays by incor ماًإ0ج؟كجذءلأ
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：hat they all ccme from orthogonal lines. ：؛ :he ة<تذو1د  are ncn-sauare 

(i٠e٠, by ,zirtue of ^he fact that the CCD elements are non-square； , :hen 

we need to accomt for this when we ''average'' the ج0١حف  orientaticns. We 

"average" the four orientations by trans£or^ing the ^.mage orientations 

into physical coordxnatss (and then truly averaging :ne physical angles.; 

and then transforming the average angle back mza image coordinates. We 

try to use the tem "phys" to denote physical coordinates and " ت٩٦لأ " to 

denote image coordinates (such as phys_orient and ل٢آ٦)حمهت::_ي ٠

We use different sized calipers for steps 2 ذت because we make 

different assumptions about the relative accuracies of our caliper 

application poincs. We use the terms LOOSE and TIGHT 0ح refer za Che 

calipers LOOSE for step 2 where we have little ئحتة؛٦ ذ٢ت  the 
application points, and are thereby forced zo use broad calipers, ana 

TIGHT for step 3، where we have much mere ؛ai:h in :he لآحك1تحةمذ0ع  
points, and can thereby use relatively tight calipers.

3 二 pels, and3 ح be accurateح itial search positicn؛We expect the in 

0.35 radians . λζ a caliOerة٠جحق؛داح لجج the orientation estimate to be 

 appl.؛^٠cn:cac ?0ذت٦ح 5ن pels away, ：he ة:1حة?ذ T٠a٦٠ ؛e دح: 3٦،٠ ٦حف ح: ة

sz z: be sa:e. ■ve use a：'： ح05تحت٠٢.ئ rom the ccrrec: e¿ge؛ pels 

ge'ئتي٠حذ٦6قتحتح ۵؛ ニニ 끈3二ニ てこ .ت4 دال h؟:caliper wi^h ζ:α：β:ζιαη len 

points in ste?二

we -, 0ذحتحه3٢ت دت¿ ذححي٢٦ةيحة كذ٦ 3ححح ing the;mprû؛١ After

f - ■0.2 pels ح： :::Ct :he ri^ht zesiz٧ ؟e'ha: we؛: basically assume 

3 :hr٥shcldح use ^hese lines ئتح٦ and +/'- 0.01 radzans. Thereby, we 

200 :els a? ت،ت ly^ع◦ ٠ outliers because we wculd expec: errors 

 pixels away. This ؛s Orezzy zighz because we use a ؛:ireshcl؛ ٥؛ 3.0

pels zo de^emine outliers

incac: :he 0.01 ٢تتةذةق حح٠ف1ي اًذت٦حتتت3حت1٠٠ك ,actually, :he c.، pels) 

ユここニニ es：:.ma٣eحperformance because :he zirsz 50 pels and :he 〇Г162 

end up و٢6آآهة٦حتةحذ1٦ك تتتححح؛؛ة حذغلا٢ئ edge ج0كحتت ح؛ة حتذ1٠ةحةف ئ٢ئ هتح

:٥tes^^=final line es

Main subroutines -

image).' ذ٢ئ gross_locate_crosshair cencer 
construct a synzhezic model of the crosshair and use search 二〇 

estimate the crosshair position

 ٠٠ints ：It line to)؛

peines ٠؛ ta an array لا(٧نمحح, fit a line

соп٦риСе٠з٠٤хе1 nosition)( 
application point ذح٦ح use parabolic interpolation at the neighborhood of 

ixel edge position؟حداto compute the s

ray() enumerate eage points along a t_line_al٠nc٥؛٢oints_and f enumerate 

 line segment :؛٠in^ and?_am s:artj)O].nt to snd ه?5/■اذتق s::re the غكذا:ة

are ؛a threshcl 1جتت يءق a nominal ٢١ل٣ذجحح^0：نمه .edge points in an array 

passed in as arguments, and when :he foTbind edge pcin：3 deviate from 二^二5 

 nominal line by mere than the threshold, enumeration ذstopped and a 3 1جعذ
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٦vnen also s:opped اًستت٦6٢تحة0٢ئ دن .is fit to the enumerated edge positions * 

٠١٧hen * two edges are found (confusion) , no edges are fo٦md (occlusion; or 

* the caliper is applied out of bounds (out of bounds),

٠r"ientatiQns ( )_* average_four_；Lmage 

0 compute :he bestح * average the orientations ◦f the four rays 

* composite orientation estimate. This function transforms the image 

e^ipicit the هتأ orientations into the physical domain in ◦rder ٠ 
* constrain： that ：he physical lines are orthogonal 

٠٠assuming_f٥ur_guaran:eed_go٥d_rays ()_* compute_center٠٠position_and_angle 
* improve estimate of the crosshair position and orientation by 

* searching four regions of guaranteed good length (50 pixels) 

he edge： ح٠ * eminating from the crosshair center. Lines are fit 

* points along the four regions, and then the orientacicns of chese 

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

* averaging pairs of the four rays Finally, the position escima^e is 

compuced by intersecting the two orthogonal lines ٠

депегаге , ح0٢ا٦٠ًجحئا٠هلتحيحعج3ئتآت3لةلغادلق_ع٦9اة_ةا0٢٦; ؟١قف٢3ك٦ةيجح٠ت0قح_غت٦م3ا * 
٠ جم٢دا٩ ۶٥:٥٠٣٦т م١، نم٠۴م١مم٣٩٠ال مج ٣١نم٦م١ и٩~"г٩ ت٣١د نم١ج٠٩ ٥٩٠- د ٣٠مم »١١, ح٣٠١٩٦ح-لام٠٠ا٠٦م ا٦ك٠٠١٣٠٠ي غ٠ذهفيلهفي ：بلمحألمهضئت： ·دن ٧ خ ى ده لم ل a ف ال رار، ه ض٠ م ه 4ر ، ، لمد\٠دلأ 4ى ف ه ١٠ م لم ي а ، ٠ رل ه ه زف ٠ ١٠Λ «هلاه ،أأ٠ ح ٧٠٠يحه سم ن à ٠ ٠ ٠٠دا

We use ٠ 2٠ عحتح3تغ1تحذق قتذذs as-gccci ra؛0حذا ٦ s \\ismg/along four ra٦ * 
 tighter * تح1ت٠حجthan we) 3 '٠خحكث دن ecaese：■s：ep 二٠ ٠جرم :٢حكذا ：he سم0ذحثح3تت

,of :he gccd rays ٠

10 define N_EDGES ̂
̂ define gÜä^ANT٢ED٠GCCD ة：ءت 50

define GROSS T^GET SIZE GUA?ANT٢٢Di_GC0D__ST3E# 

1000 ^define NUM_SAMPLZ PC٣١TTS 
.THRESHCLD ニニ_define LOoi٤ ̂

.3 ：T：G^_THRESnCL #حتت؛حك 
24 define L00SE：(X：PER_W：3TH ̂

 /* ( اً فئ٣ ) 2* تلمل0تة آ٦تمك£ةتت101زم4٠اًى；ت٦_رتتتحددةل٠'3٠ردح S ：ئت٠تتح٦ا٠ًحل5؛جل f 2 ذهئًاحجحإ(٦
14 БТН：^٠،Т٣СНТ_СХ：РЕЯ #ححت؛حة 

,·*；kernelم2 ؛ (í:n:)3*Tl5HT* 】ESHGLD) *ا

 *ا
should be larger than the minimum ^idth sc ：hat أا0ًا٢ًلاآاًس_ةئ£?تطى_د٩لأت * 

* we check whether there is a sharp edge just outside the 

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

0 declareح * outside the T：GHT THRESHOLD range, then we want 

★ confusion and stop enumerating points
/٠

^define LOCSE_CAL：PER__PRO¿rECTT٥N_LSNGTH ة
itdefine TIG<CAL：PER PROJECTION٦ENGTH 5

^define MAX_NUM،POINTS 1000

*define EPSILON THRESHOLD 0.05 _ __
**define CIRCTLA^_BOTFER_ZONE_AROiJND CENTER (8 . +L00SE_'：AL：PER_PRCJECT：0N_LZNG：H٦
#define STEP_S!2；i_USED_TO ΕΝυΜΕΗΑΤΞ：ΡΟΙΝΤ3_ΣΝ GOOD_REGION ت
USED：TC_ENUMERATE_AL；_?ClNTS 1 ٢：STEP_Sr #جعت؛حك

#define MAX٠٠LENGTH_٥IAGONU ACROSS_CIP٠BOTFER 1000•
^define CONFUSIONü^THRESHOLD 3.
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/*  number cf pixels こ٥ ignore wizen we r: ئ٢ححئ  an :ًيذلحئا: *
**define OOTLlER٠BCTFFER 7

excem int cd 3howas(int, char*) ；

extern حلظلاهك cwa_٧p0Ínt:_dist:ance();

char*  cy٠prealign٠cwa find target() ( return ي۴ةت

static inc cwa Eind target debug 0 قئع9ت ；

int set__c؟٩ find|target debug (int X) 
{ --- -

int old flag：cwa find carget debug٠flag； 

cwa_find_target debug ؛lag：x； 

return old flag?

typedef enum calib،٥rient:
(1 一

CALIB_HORIZ：0,

CALIBJJIR：
) califa onent ,·

/*  A draining parameters record for ニニ크ニニニニ؟ ca:ed تحقتتت:ح: ٠٠١ لانم م٠'م ي

scat:.: ctr_params Q^a._<za.lib :orr_:p =·， ٠/ make a دتتئ٢ك  -nedel· , 2 gr٥٦r ه.ت٦ا٠ه l·s'
Q:

٠/ ПС кп^епсу *

0, /* den'こ measure angl·^ *

5٠ ٠/ defaul·: bias ٠,
1, /* lefz ta^l· ас l·^ *

1, /* rignc ：ail· تآق l؛· ٠

50, /* t· ١٠٦ ۴٥٠ نمم٦ : دنم -，，、》· ٠١q٥/i ٠٦١٠ ■٠٠ ١- ه 1 ٠ هصمأ ي ذلهلهث٠هغت٧-ص١اد ٠ىه٧ ،كئ4م ٠ ١ب ٠ 4 ٠٠ ٦ل٠ ر اأ.、・,٠٠الم—٠د
4, 4, /*  model· resciution r

0, ٠/ * rain for reaaer: 'حden

0, n◦ angl·ح ٠
0, ٠/ dizzo *نم'

0.0, /٠ no s:andard dQvidZzan ^hres^QiCiing for ة:تحقذحقحة t

128، /*  care chreshold ؛or mask framing *.

0 /* NC flags set: *

/* (do net bother هح initialized rese٢7٥d fields;

scatic cse params

cwa٠calib sp = (cse absolute. cse_abs bina.٢', N0, N0, ق50، ئ00;}ه

/*  caliper used to find mors accurate position eszzmazes of edge

* positions
/٠

static

cclp_c٠nstraint cwa find_t:argec٠_gcs [ل]=
{" 一 一

(CCLP ;：0NTRAST, 0, ：000, 0, 0 ت00ا ٦ ,

94

鵬丽三 SHEET (RULE 26)



wo 98/18117 PCT/US97/18268

/*  static ٠/
cclp١ealiper clp_find٠٠carget^init.ial٠search = (

EcOSE_CALIPER_WIDTH,/*  Search Length */

ω03Ε_ζΜΙΡΕΚ_ΡΚ0،ΤΕσΤΙ0Ν_٠^ΞΝσΤΗ, /*

2, /*  Edge ۶ ذ1حجح  
Q, /*  Edge جعلمتسم٢  
10., /*  Expected size */

Pto^jection 
Size ٠, 

Leniency *,

Length

EDGE٠THRESHOLD,
CCLP：DONT٠CARE · 

cclpZno_pairS/ 
CCLP：DEFAULT,

8，ل

/*  Contrast chreshold ٠/ 
/*  El Polarity */  

/*  Ε2 Polarity

/*Optimization */  

/*  Bits per pixel */'

TOUE, /*  Window Rotation

Interpolate */

/*  Number of contraints */
TRUE,

1,
cwa_find_target_gcs, /*  Conscraincs 
NTJLL, /； Pixel Map

0, 0, 0 
};

ا* */

٠TH, ,/*  Search Length *' ：T：GHT،CAL：?ER_W 
٠：٥ЕХСТН_Т：СНТ：Си：РЕ٢РкС^С：：СМ, ; ٠ حتثحححتتح?٦ ؟ددت

.* S::e حجتاًئذسم Edge ٠/ ,2

0， /* Edge جحثتث٢ تحذ٦,ححتجت٢ *'.

10.， /*  Expec：ed ح:ئة * /
EDGE_niRESHOLD, /*  Contras： ذح٦جح3ت0غش * ■.
CCLP： ؛DONT_CARE, ا* تء ?0حلم:ةذ٦/ * ί
CCLP： NO٠pÃ：RS, ا* Ε2 ?0حت؛ةل١ك *
CCL?Z DE^AIJL：/ /٠ 0مذح؟٠حتحدتذ٢٦ *
8,— ٠ذةدذ Bits per *ا ٠

۴،اًتآةاً /٠ Window *

TRIJE, ٥гр٠1а:е：п：ا* 1 * .’

l·، sحتrتraحccn 0؛ Number *ا +■ ٠

ةيها:ا أ ^nd_：argec_gcs ٠ ا  * Can^z：3iLZZ3 * :

,TOLL؛ Pixel· Map *ا *

0， 0, ه
};

/٠ 3حتجةلم */

cclp_caliperclp،find_target__compuce_s٠ixel
TIGHT：CALIPER_WIDTHi/；

*/الم

,2

，0

10.，

EDGE

Projection Length/*
Search Length

Edge Filter Size */

Edge ?i」，er Leniency

Expected Size */ */

*/ ,THRESHOLD ئحه؛غح٦غت:  Contrast
CCLP__DONT_CAKE/ /*  El Ρ。iar:ty
：：：.،?：NOfyPAIRS, /٠ Ε2 ΡοΙάΤζζγ
CCLpZdEFATJLT, /* Optnzacion

8/ /*  Bits per pixel

FALSE: /*  Window Rotation
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FALSE, : * Interpelaos . ٠
*/ ,ل  Number of conzràints *

cwa_find_t:arget:_٠gcs , ا * Constraints 女,

NTJlL, /:Pixel Map *'
Q, 0: 0

/*  make an image of a rotated center ٠؛  a crosshair. Chis :тзде zs
* used to train a model to search ؛or the crosshair in an ::nage

* img - cip،buffer where rotated crosshair will be stored
* orientation in tenths - orientation of rotated crosshair zn tenths

* of degrees

* returns img

/٠
ciD buffer *make  cross hair center image 

in Cenchs)_٠rien:ati٥n٠： ٠img, in (cip buffer
( __

CiD buffer win, *xhair=NU! 」j■,

cct signal sig;

NO_REG：STER ئ؛ذدثدك ;

img))؛ت ؛
; ٠3A2A?G١?R£CGEN؛٠ce： error

 if (si؟：c:t ca::h؛0)١

goto dene.,

nzazn a:: تلا٠ذ which ٦'؛ذدئحئ buffer :؛ :ن//* allocate a cempora 

buffer :دن /：tsmporar دذدح * non-rotaced crosshairs, and :hen use 
ac ★ د ٠م١١١۴هم مء١٠٠ (一，，， ٣نم١٠ت-٠حا للآعم٠حا۴٠كح٦ ЧА ٠ I ٠ » ئ سلا ، I— ده ه ت را 1فلح ، ا ف ن م ب ٠ ٠ب ٠ببببب

/*
?chair = cip create;

;?0,cip_se:íxhair

 cip٠wind٠w (xhair, ^win, OfO, :(hair - >widt:h,'''2 , xhair- لححيئج^ح ت ;;

；(255,cipset(SíW]in
, 2/：th；/2 , xhair->heigh؛cip_window (xhair, üwin, xhair->wi 

(; 2"xhair->width/2 , }Chal·：-〉height

(;255,cip set(&win

tsnchsj., للئ cip٠rot:ate centered (Xhair, img, orientation

done : 
if (xhair) cip_delete (xhair), xhair=NULL.,

if (sig) cct chrow(sig)اً

return img；

}

 construct a synthetic image and use search ：c ::nd a ;::ss */ ئححه٢٦3حح

of Che center position of the crosshair center ★

 ٠ we expect thac the synthetic model تلا1ل be accurate ح2 -
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 * approximately l· pixel, and therefore, حح٦ةت sear؛: ٢ح١هتذحلى دة2٠غذلى

pixel ئ /：!approximate ح◦ localize Che cencer *

* img - image containing a rotaced crasshazr 

enths - orientation of ro:ated ercsshair in tenzhs_٠؟riencati٥n_in ٠ 
* of degrees

1 be storedأ٨٢تل ·^cwa_point where resul هتأ res - pointer ٠

re:urns in: signif：/ing )ل * gr٠ss_l٠cate_crosshair_center_in」mage

* whether or not it found a crosshair

/*
static int gross__l٠cate٠crQSshair٠iCen:er_j.n٠image 

(٠rientat:ion٠in،î：en:l٦s, cwa_point: ★res (cip٠٠buffer ★img, int 

( ٦ — ­ 一 ب
cip٠buffer *cargetziWLL；

cse model *mdl=NULL；

cc： signal sig; 
cse results cse res ;

inc ans ;

arget):;: ؛ NO_R£G٣STEP٠ 
NO>G!ST٢R ك٢ذه،?٢ ;

 i؛ (sig=cc: غ:حقح：0)١

goto done；

';3 ,G٢T٠S：ZE?٦.：^|3?CSS ,٢：：GZT_S?٠٦：_：arge： = C2kP_:rea：e (GRCSS

zenzhs}; 0ذحقححدذح0ح٦ دن , make_cross_hair_center linage ■; ,zargez

mdl ت c:r تذق:ح mcde٦٠:<arge٦, 3. .: 0/ 0, وت ：ن حح_:حح:_تئتتق:_ةلاحق

；：res اظت٠٧ة ,ese area٠search:i^g, mdl

 دن (argec debuq こ-a：_¿cwa fi٦؟ ن ٠.ذحا:
prin：؛"(١d دب ٩٢d \كج٢"ل,

a;.: تذادي.se res: ر es . sc:r؛_٥C3e /,٠' . cse_res . X, cse_res

6 <cse_res٠x.n'، ' ;_2 ه ：ح٨ذتاًاًحآ,GRCSS TARGET_S：ZEí)*‘٤ = res->x 
res->y = ：..*(GRCSS،£؛C：A：RND1o : ese res ، 2 ./ا .ذت ;;  TAP.GET٠3：Z

done:

TOLL;؛ = target) cip delete (:target), bargee) ؛i 

mdl=N!；LL； ح ححعذحق_0ةها6(ت٢,)ذةآآ:: (if (mdl 

hr٥w(sig);：if (sig) c:t٠

return cse res.found;
} -

’,٠ the elosese pein: on a line هح /* compute distance from a point 

 { : - ٠oin= to line (cwa static docile distance_frorn 一 ー دآ0ححق *pl, cwa_line *ذذلم
cwa line لم2；

；cwa ooin: p2

；12.Χ = p]_->x
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；7<- ئ2٠ملآ = ل₽
2/ ل2٠ح：ت?بحح-لل ;
cwa_].ines_to__p٠int ( 11 2 نم ك12 , ؟ك  );
return (З٩гс((р1->х-р2.х)*(р1->х--р2.х)  +

(pl->y-p2.у)*(pl->y-p2.у)));
}

/*  Fi： a line to an array of points */  

static doitble fit٠].ine_t:o_٠poin:s

(cwajpaint *pts^  int n_points, cwa_٦.ine *line)
( -

nt j ;

doixble xsum=o.o٨ ysum：0٠0, xcent, ycent; 

ك0حلئلا  a, b, c, theta, xp, yp； 

cwa٠point *ptr;

if (njoints < 2)

cct٠٠٠err٥r iCWA_ERR_NO٠TNT٢RSECT);

>□ .)per = pts or (j=o٠؛ وع٠;قحتذ بز٠د  p:r٠٠ 
if { ح٦كتتج_ةي٠ةح_：9لأحجكلعج٠ فث؛9 ث ذدلآ ;

princ ؛ ةلآ'ا( ؛ج١١ η；٠ per- تح<، p：r- >·/١ ' 

xsum += p:r->x；

ysum +； p：r->٧；
}

xcent = xsum ! n_p٠in:s； 

ycent = ysum / n_poincs；

for (j=0, ptr ت ptS/ a；b：c=o.٠ مذرخب٠أ٠ص

xp ptr->x - xcent；

٦T =: ptr->y - yesn:；

a + = xp * xp；

b ♦= 2 * xp * حرهتمح -L - yp ٠ yp;

theca = atan،(b٠ a٠c) // 2.◦:

；ine،>x = xcent! 

ycent; = عتل6>ا٧ 
.]ine->t = theca；

Oxl)· { ة cwa_find_target_debug٠fiag) ؛i 
printi(''fi^_l.ine٠؛points returned「Q٠： /"؛%

·— 2١/3(theta + PI/：)*cos(theta ۴PIة(*ةح

b*c/!2)ه ٠s(theta+Pl/：)*sin(theta+P 

njoints):/ آ (：//c*sin(thet:a+PI/2)  *sinitheta+PI 

cd_showas ( ( int) line, I’cwa_iine");
} - -

return ( (a*c-٠.Pl/；； ب ٥s (t:heta+PI/2) *cos  (:het:a 

b*C0S  (theüa+PI/2) *sin(theta  + p：/2i r

c*sin(theta+PI//2),/2) ؛ /n تآ0ئكتأتت ;  *si.n ،：thet:a + ?X
} ر

98

眶丽드 SHEET (RULE 26)



wo 98/18117 PCT，US97^8268

poincs،static inc princ٠l.ist٠٠f٠ 
٧als>_inc num ٠,ئةدأ (cwa_poinc 

{ - 

inc il· 

for (i : 0； i < num_vals； Í+**) 

;(y. ١ ,تل٦لذالمةمf\n",val[ij '^؛٠؛)princ
{

٦ZERT or CAL：3٠HOR!Z_rom٠angle ( ) recurns CÄLlßا* ئلمتةح٠ه٢ل6ع_حع 
a line， Its ؛ت (* depending upon the orientation (measured in degrees 

use a vertzzSil or ح٠ * purpose is to decermine whether we need 

edge interpolation 3٠ذعتل * horizontal quadratic

 static calib٠orient calib_|Orient؛_rom٠angle يك0دللا1ه ánglejnjQgrees ز
-- } 

double atngle_in_rad;
angle_in_rad = لق٦ي1؛ذلج٦ئ_1ةهعح؟ج*?：ا,ح8.ه;

if ؛abs (cos) للأمة؛٠تئل٦;ةقكا_ . >

 ؛abs(sin(تئ_حلوعة٦ذقة:_ :
 return تتةذح3_٦ةآظر：7

ecu： CAL：3_HCR：Z；：
} _

*/±pixel· edge OCs：z：:ns ٦حرائ٢لم an image تق٦غ ح ٢ئتئيث٠؛0ئح٦ةحح  computes s٦ 
 * (ap_x, ap_y) هح search ؛٠٢ an .ه؟يح جح0ئج٦تتق٠ ا؟ل0٢ئ هغح

 * ٥rientatic٤_in_degrees, تح٢ي٠ح١ححف_5شا٠حوذجتئ3حهئحت م ١ ٠حتذرد جتحئح٢
 * perf:rm a اذدحتححجر or ح0：تت0ذةحت ذح<تت؟شاة ح؟قح ه3.ححتحةآمتح ذج<تذحشاك

cciædar：/ جا؛ع same manner as دن ئح٦ح edge positions are computed * 

and ■? differences where تتةص(9 7 ,كذه<تذح * ：racker

r٥s:1حكقح :؛ :from a و0ت:تحتك he edge: ٦/ لآتجحتذ٠هحت،ل.：،* we quadrat:i:a

.★ differences

* We compute a seven f二rs ح ححح:ئذت٢ححلم3 ٦حكذا ح،  be safe. There is no

٠ guararxcee tha： the compuced caliper ?0 :تحتة٢لم  corresponds 0خ ：he maximum

* 1st difference (because we're '：smg callipers '٠غحذي  ::Ιζ^τ size 2)

* img - ciü buffer ٠٠تتمثةحع9 ت  гладе of crosshair :arge:

*a٠x,a٠y- application pci:٦^ where we sample image grsy values
* actually, we sample grey values at the application

* point and 2 -اب from ：he application p٠i드こ (maybe we

* should sample 4 - تاًة الج , who bows
* oriencation_in degrees - ٠اتحعحعقت:٠٢ل  of caliper which has been applied

* to find :his application ج0ختت . since we

٠ only wan: zo call sLLbpixel هيتتجحتذ1تحق0ل٦
٠ at :he right place, we suggest ,iising

* on-axis calipers

* pos X, pos V - pointers 0ح doubies where

* compute si^pixel cosition() wi-٠ score resul：

*/
in: compute siibpixel oositian

(cip buffer *img,  inc ap χ, inc ap ٧,
double orientation in degrees, ة٠حلظلما  *"pos  X, ك0ش1ج ٠ p٠s_y)
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;int p0,pa.rp2,p3٠٥4,p5,p6,p7

int do , دك , d2 ٠ d3 ، d4 م ds ر d6 ٠ d__max، آح_ك٦;تت

；calib_orien： direction

ت ٠زتك
printfi"ccmpute_subpixel~^csi^i٥n ثآدذدت: ت:لملا Îd غ؛ دج <تج <ت% ٢٦

'.;7 ap_x,ap y,orienta^i.cn_in٠degrees,pcs_x,pcs

if (ap_x < 4 II 

 ap_x > img->width-4 1؛

 ap_,y < 4 I ا
(}4:-img->neight ح ap：y

; 0 return

 /* should we sample هغ٢ذذقحع::ت٧ cr اذذقحتح؛حر٦٢ ٠.,
= direction

 if {direction == CÄL：B٠riCR：Z： ؛

 ٢ap_y pO：* (img->r*ac-4] ذلج.7حااًا٨حيت؛؛ح_٠<:لجق

٠ас_Х':зе3؛؛； ιΐτν^->х_з-٧_rac iap<-pl = * (im٠ 
 ρ2 = * iimg- >ra^ ٤a٠ كليا٦ i-iw.g- حχ_οحححة؛٠'.<:_حة

٠ар_:<،:зе؛؛I^g- >х_о+ ٧ ذ٦i_rat ■ap ح -рЗ：* (img 

 p4 = *(img->rat[aD ٧٦ *img-؛جلحل<تح3_حةبحح٠;<ذ :

 ρ5 = ٠ (img- >ra： لعق[٧ئم： *img- > ت_<٠3 ح؛3حع٠ة0،<:ل

 ٠：٥6 (img->rat [ao ٧لتب +img- ل<:>0;كت_حةلححجكجئ

；se：+ap_x3؛؛) +img- >:<_o + ٧_Ímg->ra： [ap) ٠：ρ7

ة0：ع-لمه0;
dl=p2-pl;

d2：p3-p2；

d3=p4-p3；

d4：p5-p4；

d5：p6-ps； 

d6：p7-pfa；

٦ d2 ، ma:< Í d3 , max ( d4 , max < d5 , de لم dl· , max ٠ اmax = max ( do , max_d 

; d4 , mia (ds ، d6دت،^ ا , Íd： . min Íd3 ·؛;d_min : min Ído , min (dl, ml

(-d_min ح d_ma ٠<١  { 

do=-d٥;
dl=-dl;

d2=٠d2；

d3：-d3；

d4：٠d4；

ds=-d5;

d6=-d6;

d٠max =-d٠min;

*pos٠x = a٠ x*l·.  ， 0.5;

/* If we‘re at a maximum تداحه: ：he 3٦ش0تح<تل ؟0ذحغة0٢ت *..٠
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 دن (d—腿 د ٢DGE_iraESHOL٠) اً
d_maxí { ؛= аз ءع d_max == )ذة if 

.:2.-65536(.'dC,dl,d2؛ا〕*pos V = ap_y + cz」?arfi

 return لم；

max)(؛_ ：： ،!d دة else if (d2 == d_max { 

di,d2٠d3),’5g536.-l■,.؛it٥؛ar cz ب ар y : لإ *pos

 return ;لم

d5 ،： d__max) Í ذئ else if (d3 == d٠max { 

pos y = ap* ٧ ب ،::par؛حأتid：,d3,d4 ل ر 6 5تق6 ٠ ;

 return ;لم
d max{) إ= else if (d4 == d max && d6 { 

p٥s٠y = ар y* ه cz_parfit(d3 ، d4,d5)/65536.دب ٠ ;

 return ;لم
else if (d5 == d max){ { 

;.：۴ . 65536/ d6：i حم d4 , d5)ح2ةو：حل؛ + ap_y = ٧ *pos

return ;لم
{ 

wrong آ؛١ق٧عت٦ذ٢٦, حعك١ح؛ك : حك0٦تئتذتحج ت rs noz at a ' ا* ؛ت ٦حي
/٠

retm 0 ;
١
1

else { 

：4_:>-ар*зе؛؛٣χ з< ،٢： ٠ئ٢٦٠ap٠y :imcr- >ra) * = p٥ 
p لم ت * ( ؛mg - ح r a: ع aD o::se：fan 'ذل<ت；

٠an X-：：,-:se٧٦٠ذ٢<ئح-اًآاً ٠؛؛ p2 = *(img->rat ：Lap 

,:1-X χ < - ٦ ٠ ذ٢آ٦؟ p 3 = * Í img - > r a t L ap٠y

٠ap_x;;：se٧؛؛í٠img—c p4 = *(img->rat[ap 

 ٢a：p5 = *íimg->ra: ١zj٠in٦g<:>- ٥؛fse:۴a٥ <:٠ذ：;

зе٣۴ас х٠г：；؛؛ap_yí+img->x о؛p6=*(img->rat 

p7 = *(img->rac[aD؛aD*fse٣ <ت٠-'ت；  v)*img->x  o

d0=pl-p0；

di=p2-pi;

d2=p3-p2;

d3=p4-p3;

d4=٥S٠p4;

d5=p6٠ps；

d6=p7-p6；

d max = max (de , max (dلم. max (d2حم max (d2, max (d4, max (d5,d6)))))); 

d_min : min (do ,min (dلم , mi:: (d::, min. (d3 , min (d4 , min (db,d6 ١١،) أ. ؛'  ;

if ( -djin > djax) ا
do=-do;

dl = -dl,·

d2=-d2;

d3=-d3；

d4：٠d4;

d5=-d5;

d6=-d6;

djax =-d min；
٠ - {

and حت؛ذحتةهت If we're ac a maximum, compuce the swzoixqI */
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٠p٠s_y = 0.5 ئ₽ة*ل٠ ب ;

if (d٠max > EDGE٠THKESHOLD){
)(3 !： d_maxككك if (dl == d٠max

*pos X = 

recum 1;

ар χ*1.  + ,- . 그- 6د5ةد ٠/ zz/rfú (do،d：,d2١

Î
else if ك(2 ==d max }(í：dmax ك&ة4

٠pos_x = ap Χ*1.  + cz_par؛i：(dl,d2,d3)/65536٠٠-l.；

return
ا

1，-

I
else if (d3 ==d max ككئí： d_max 5؛١

*pos X - ap χ*1.  + cz^parfit ة(2 , ق3 يئ,4：ل بم/553ة .;

return
ا

1.

I
else ؛خ ك(4 ==d max ،1：d max：ك6 ؛ ÒÍ&

*pos X := ap اخد ٠. ここÒي,تي<وحذح؛ئ4.قتتةه,'يي,٠■..ت

حح:٦:ل :■;
/

else i؛ ح؛5 ت= ق max ر
*pos ت< = ap χ* ：٠ * ح：：حذةحة٦م4,؛5,غ6.ب'65536. ٠;.ت
retur:

ا
1.

ر
/٠ ؛آ I ٣حء по： а: а ،،(ه>٠١>>>لا«،<ه , .ا>>اخات ٧ه٠٠٠بى، د ب-هـهنيق،ي , ية·»、*·

return ; ه
١

ge OCints٥؛ enumerates ★/

b١z \2S：ng calipers ج٢:ىةا٠لت٦ح * along a ray from a stdrzjcznz zo an 

٠lation) ここ! compute edge positions?٤er^= 3٦لئل٠تت<6ذ and possibly) ٠
continues enumerating ):؛★ enumerate٠points_and_£it_：line_along_ray

:1 one af the following conditions occursتحص * points

* 0٠ we reach the end Ooint

٠ 1. no edge is found by the caliper
* 2. more than one edge is tound by the caliper and the highest

* scoring edge is less than حأححليي  the score of the second hignes:

* scoring edge (this 2Χ comes from :he CONFUSION_THRESHOLD)

٠ 3. the computed edge poin: is an ٠حثتحئ٢  (the distance between ：he
* edge point and the nominal ].ine is larger chan threshold)

* 4. we rum of؛ the cip buffer (screen)

n：s, 1こ :hen calls.{After It has enumerated the edge p٠ * 
estimate 0٠تح٢آ٦ة1 1ئذ٦ج compute Zhe هح üne_٠oints_t٠ تأت؛ ٠

:er containing a crosshair :arge؛img - cip٠buf ٠
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٠ ٠n a2-cng.ooin: - define r٥gi ٧؛٦ئتحئ ح2 اذ?حةتجل. دحهح:ذةح
 * nomiiial_line， threshold - used ح0 de^e^^ne ٠^he:her an edge 30حتذ

٥пзе^еп:1٦г ¿nd :he: IS an auther (and *

 enumeraticn of edge points) . The * 0يئححفل٢

* test involves chec^^ng whether ئح٦ع

rom tzhe pointΖこつ che؛ distance *

 szeO size — frequency of edge point sampling *. ذة٢جحلم ٠عس ٠ححةس :ح

evenly sample the lines, we move step size пипюег :f *

 pels in the larger direction (and 크 * ؛٣ئقت:تعحة ح٠كجسد

* of pels in the other direction) . This approach :حح٦ةجقلار
even sampling assuming we are doing on-axes са-^?егшд *

or parabolic subpixel interpolation ٠
0 search for edge pointsخ * search caliper - caliper used

* computed line - cwa line where result will be returned 

edge ٥：* enumerated٠٠٠points - optional array of cwa DO]_n:s where f3 

* points would be scored 

zcznzs ٥ints - pointer co an in： where the number of fs٠:٥(* numj 

* would be stored

 flag characterizing ٠؛حتحححك we ٠حتقج ح: perf:؛:
s ٦٠هئل i X ج ت ن ٢ت ح e ؛Τ' cن ق ح ن : ح a؛：۵r ع٠٠٦٠٠حتتك ددح ：ةع-حيحح

do s٦ibpixel inzerp

 static int enume؛a:٥ Όα:ηΖ3 and :ت؛ ئذ٢جذ ذة3٢٦ى ةك٦ر

,fer *img دا0ًحتئ ٠ح؛ححة ,حتذهتآ ح٠ةم ح0حتذ ٠تتي .ذتآتآ  c٦٧a؛c:.p_bu) 

 ٠٠٠مذق_ةيnominal· line* 6, غلاحة)1ه :hreshclci, دذشآتدق 3ي:تد_حيح٠
 сс!р_са1؛рег *search دح1/؛ححت c٠٠٧a 1ذ٢حل *اًآتح٦قحتآلما؟_1ذذ٦,ح :٠،_قس

ixel· ΙΓ.Ζ^ΤΖ؟ζ:ζ de s١۵ آ：0,تحتت enumerated OQ].n:s, inz *num*
{ ر ل" - -

in:i٠j,k；

ه٠تثذأ1ج  maxAhsCosSir“■
٠；كه٦ر

. Ί- ٩；Γ٠ل； ：٠.٩ اك ٠صمب١لسدني , ر-

int а٠ X/ ас V；

ح:1ح  results res h دح； SOGES * ت ٠ذ ：；

c:l·? oararns epp = (EDGE ： اءدتحح：تت*تذ ,
double cd٥ ¿ingie; 

int num_samples,tmp; 

double caliper_vert; 

cc:٠signal sig； 

cwa line sampling 1ةعذ；

Oxi){ ة lag_؛cwa find targe۶٠debug) ؛i 

print؛ ( 'enumerated_poi٠nt:s_and fit 1^пе_а1спд ray 1 ةح٠٠يه ض;ااح.'تحتسأ

printfil٠inig Vx startjjoint ^f *f لآ ت ؛لآ١١عام'  end_point 

(;٧< - χ / Qndjcmz< - لج٦وة0حءت ,start Doint - >y ٠٠ ٠oi.nt. - >χ：img, star

,٦١n11\rf؟ hrsshold: ؛لآ ح لآ٤ prinef (,'nominaliliine irf 

nominal 11пе->х,пст1па1_11^е-〉٧,потша1 جتتئ٠ه:تح,ح>5؛علمئ ;
- {

ne */،ل Compute the sampling */ 
sampiing_line.X = start Jicinz;^)- 

;٧< :-sampling line々 : start_poin 

 samplinq Xine.： = acan2 لح(٦ي 00>لحعت٧ل3وححقح0>-حتت٧،

;;٠oi::->x-star:_;ci:t->x end
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/,٠ Compuce ثح٦ع SuSp ذن ئةحاًةححذ ذ٢ل <ذ ح: رذ ：20كذث؛٦حيحق

叫

.^.fabsisinisamp^ing—lins ح (;inq line,亡 ^3ق٢٣لم ) if ( f abs ΐ cos

ma^AbsCosSin 

else

maxAbsCosSin

= ؛abs icosةك(٢آ٦تذذح9 'كح.هتتئ；

；：《X fabs(sin(sampling line.じ

vec.x = (CQS(samplin٩ line. ح١ تحةدسكةآاًاًرك3حغة  :: * s:٥p ذت2,ح٠  
vec.y = (ain (sampling line.تأ) /maxAbsCcsSin) ٠ step S!：e；

/*  Compute the number of samples which we will be making

num samples =

max(cibs((int) (scar： ٠٠inc->x - end حتتحتت٦ح<تحلح ； 
abs ((int) (start O0int->y - end .تآ0ئ٦>-ح٧ا  . 

step size;

٠٧a ここニニニ·： ■ قق٢يححلم2*حئهحذة

(!enumerated 00 حعل3د  
enumerai：ed ٠تحتذح آ

(cwa ccin： *)chp ت\قحتتذحا١حذ٦٠ 

i؛ ؛(num ٠ححته3；

;num،points = ^：mp

cclp angle = sampling ححذل٠ح*ذ30,.نم?：٠9.م；

٦، /if (do subpixel interp 

e.if tcalib orien： from ang٥ يث؟تة_تذحح.： == ：تغ：3?تك：：
,-٥ = celo angle 

,-90 = else сс!р_апд٦.٥
- {

:Oxi خ cTrfa_finci :arge: debug_f،ag) ؛ن
cd: angle■;printf(''ccip_angle %f\n

/٠ Inner Loop: Enumerate edge peints

٠/

for (i = 0ر a ٠ ٠٥ int.x : لتح:قحة0تح-تاًتل , ΆΌjoint.γ = 

star：٠۶o؛xit - >ν, enum Ooint = enumerated :, ٠دححت  
٠num٠_p٥ints = 0;

i く num samples;

Í++, ap point.X += vec.x, an ٠0 .حعل٧  += vec.y. آحصته٦و0مبححذحم  
(*ntunj^oints) )(ج+ 

an X = (int) (appoint.X * 0.5);
a٠ y : (int) ؛ap ٦)٥ int٠y + 0.5);

if {cwa find ٣arget_debug_flag ن 0ل'ئت  
pr:٠ntf؛i٠ap X ap_y %d١snn,ap_:<,aç_٠/,'；
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; о = هح3الذ[غ٠ذذاحح؛٦ة = md_c٢؛.]١es_hí٥

 ا* WAKG?ciPftransforra throws CGEN،ER；٠3, ح：تمتح?_^جل?3كة
 ٠ CCLP_ERR_FIT when جحذلةم٢ ٥x region:٥nds pas: ئح٦ح خ٠٦ةتف3 ؛:

 ٠ the cip_buffer. We want to break of؛ Che search :ن ئح٦ت3
9 a٩فا٢٢؛0 :ح حذححثث point anyways, so we catch the error and *

* line to the points

/٠

if (sig : ccÎcatchiCGENàERR^BADMG)) 

goto fit٠line；

if (sig = cct_catch(CIP_ERR_PEI；\nDR) > 

got◦

 if (sig 二 ccc_catch(CCLP_ER_£٠٢：T) إ

goto

cclD apply 

search) ة?ذذقح٢, img,ap ٧, ap ./ا ;ن:: كيثاًتد ,:ح:ة ي؛3تل ,

; ١,Ξ??_?：τ 
cctZendiC：? ÊRK_?ELA£DR；; 

,. ٠3ADA?G٦¿_end (CGEÑ٠EI：:c٣

 /* check ؛ت edge د ح ني،اهـع عاذ.ليمأند ر

found). [٥]if (!res h 

got◦ fit line;

S：：N *；CMFذن ح؛٦حتذ ：٦ mere ：han зпе edge ؛ت * check 

i؛ (٢63خ_٦٢زئ٠غتئاه؛ دق
٦ ;score. إ٦：ئذ score < こ。Nros:CiLT^SSHCL〕・res. res：h٢o٦ 

 if ااح(٧3ستع_ ：arge: decuc ؛lag ئ ：.ئ<تو د

 ٠p:cd sh٥was(res_h,l٠c ز'لةحثذآةهت；

；,|٥u:.[cd showasi^res hin "dp resu
-٠ - {

goto fi: line； 
} -

if (cwa rind target debug flag & Oxi){ 

prin:؛("ар X ١d ap٠y ^d angle ؛ج pos %؛\η", 

ар х,ар У,сс1р angle,res hí٥].position);
if (fabsires h[0].position) ح ل٠ ){

cd showastres h, ■'eelp results"); 

cd showas(&res h[2f],'٠cclp resu٦_:s"；；
}- - - 

}

/٠ compute nhQ subpixel point measured by ：he caliper * ٠

enum،p٥int - >x =
ap٠x + 0.5 + res h[0!.pQSi.^icn*cos .!?*angle cci٥؛ ■■ ت30ل ； 

enumjpoint->y =
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؛ده 0
if (do_siibp:iiXel_interp) Í

- >χ, ةخ٢لاا٢٣وا٠حتذ -

(: c٥mpu：e_s٠ixe،٠ Oosizicn

(img, (تاًعت) enum_p٠inc - >x, تاًتئل آلكاتئج٦;  Ώο:ηζ->ν.

сс1р_апд1е٠

goto fit line，■

 cwa٠find target debug flag) ' ئ ,ذحو١

f',n% ؛؛ iirned'：٢٥ princf( "compute si-ibpixel position
enum—point-Ж,enum O0int->y)；

#endi؛

/*  check i؛ the point is within the ACCEP：ABLE REGION
* (within distance threshold of nhe nominal line

٦.٠ ■· ٦ή— ' - «ή·١[η٥٣١١，，， ٩م١' ٠٩٠ ٠٩٣. ήكب٠١1»1م _，١ ٦ ' ٠ m■«，-，-， أ"بكك ^م٩أ٦هم V и й٠ رد U، 1 له ١٠ w ٠٠خ١ناني نله،درجن ب ب 4٠É،iw . اا^ليههط ،د،ى٠4٠ , ،ه،نياخه٠سد،هـ .-···دد ر
threshold) 

goce دن؛ هتتل；

د٦ ٨٠e■■ ' ٠ή : د ٠ل ح ك٦ * ء٦ م د ٦ ٦л٥ خ ٠١ ٠۴٦٥ ٣٦م١٠٩٠ي د ٠٩ مك ٠٠٥٣٠٠٠٠٠١~·—， ЙИ،. ه ٠هه،١٠ راب ى ・▲、・ا رج ن له في له W ت لمت٠٠、م — ١٠4٠فيفيلهد<
٠ د٣٦٦م "٠٠٦ د م ٣نم٩اا٦<م： ١مهم٠'٣۴٦ ' ثم٠ر ٠٩ ت ٣٦مع ١ دي لهدئ٧ رط3دا ٠لهئص٠صظله ر ٠ w W ЧЛ ٠ ٠ في ، ا٠لافي٠٠> ع ابم٠

O٠in:s ح٠ fit line

 enumerated_^cincs), ٠٦١اًف٦٦ ：0حتتстр٦: ,3غجحذ ذت٢حئ：;
ب ٠٠

حتحقتاًك ذ٢حئ ح٠قتلا اًذات٦حغ٢ ة؛3٦هذثئل ،<ت
لم -

X > Q)) ؛ت
,|5١.XfO؛)recum (inc

else

;(0.5'Χ)اتاًتئ؛ return
{

ien：a：i٠ns؛c 0: تاًةتح ас:с١лحتئ٦ average two orientations bu: :ake *ا
* mod p： are equivalent

/*

i-stazic dc^〕le average_two orientations' dcuble crienzj. dc٦؛le 3٢■,ءلحآلةت
- - } 

double cliff, res:

inc modDi؛؛；

Oxi) ة lag؛ cwa^find target debug) ؛ل
;(2_：a٧g Vf Vf ",orient_l,or:,en؛)"princ

; 1 diff : orient 2 - orient

modDifi = r٠٦md nuÉer ؛دة( :نم ?：;:

res： < (orient ItQrient 2-٢^0؛؛ترتة*,ح? ,بم2١ ;
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:ن ن ئج-تد：
res)；'/؛ = عج١١٢اا)"print

Lrn res ;^rsc٦
}

ap^ 9ئاحد٢ئ :ن， ح٢هئ /* CQ٦٦pi_L：e angle in alternative coordinates 

/*
dotale transf٥rra_angle_accor¿ing٠to_ca.ii٥rat^_cn_Tiap 

:'ransf٥rm *map,  decible img٠orientaticn:؛:١/،٠.(pr
- :٠٠)

dauhle realsin,realeos ;

 transformPoint(map: cos(img_crientat^cn::،) (لمدذة,.

realCos, ScrealSin);&

re:um(at:an2 (reaisin، realeos);)

} 
bes: ددح le orientations of :he four rays ：c zamOuze:؛ /* average 

3f :he z：'：r 0الت٢ح٢ئ هغح 0كتحلذعق:كيذك .* c:n٦p٠si：e orientation estimate 

 image rays (the rays shou *؛، be orieri^s¿ دن ٦٦١ذحقف٣1كه sf ?二,こ تآناه

 * ٠ح؛حتس each ر:حغحد , сгтри：е هتح '٠а١،٣егзде 1 يتحح٢حئ3.كحذح .حك؛ذسم ؛ح٦ح
 * crz^nzations are آاًذذع٦ةح تحذ'د ل:ئ٠ حتيذ؛:：ى： SC ذf ح٢حتيذ؛ح_ي.：ت：

٠ ٣٠٦a١٠ac٠٠٥٣٩ ٦لمح a '٠١/٦٠—٠ ٠٠٣١٠٠٩ذثح ن ٢٠٥ и'٦٥٢： ٩ ٠ 2م '-·ήع د٢١أم دد τ٦٠٠ '٠٦د

٠ ٩ام ،*·*هd خ٦ملآ P"" : ج—٠ إ١ممج٠جاآاً آثت：'؛ ٩ح٠٠احح تهذتح ■٠٧٥ ق٠ه»٣3عأم تمح٦ي rئي،٦غ٠ ".دذح-：

. ٠

* —’لط， ح ء١，，，，，_，メ，，， م ٠٠ د ٣٦ م ء ب ٠٠٠٠٠٦ م ٠ مد ' 7متا٠ À>>id٦٠a； _、فيخ٠٠د< >نلهغةد٠٠خهس ى٠د٠د،٠.-ب‘٠د، ب٠٠٠
ne: ح حئ:حح<:ي: order ي0٢تذغ? دئ he physical: حتاًتئ * orientations

3 are or^hcgcnalحتذلم * cc^strai^t ：ha： Zhe physical

٠٠٠٠٠٠ ٠٠١ نماابب،٠' ه د٠مم٣حمت ء ب ٠ ٠ ٣ ٩٠٠٠دمت ,ر*-，د，，٠- ٩٠- —٠٣١؟ ات٠>،ف٠4٠ عنف*ئخرس CX اًبل،حئك٠ اخ٠مئر ·ا,□..،د ا٠٠ ··ب ه،¥م١٠ح١٠ء-١صغهر
(cwa calib ي0١جتش * :ذ٠غ 3حثح٢;حئ

- }-

هلتئدادغ phvs orient م：, اق，؟ s :rie:z,a'；g/'cr٦ ت^9٠0حح:هئ؛；

3 physical5 ذ٢٢ج؟ق ：30：كثي٣٦ةحح ح ：ro3حل9قذ٦١ rm؛Firs：، ：ransfc *

* coordinates

/*

 for ث(：0; <ل 4., ببل٠ر
= (1]phys orient 

calibration map حا٠ transform angle~accor¿inq 

c٧a_calib_，(((pri١ ٠ '； :a：ib ر ٠ >map . img orient ؛1;,:

 ؛ل (cwa_find target debug flag ة 0زئت
for ت( = ت； ن < 4； ذ٠٠■

print؛ ؛ج'ا(١١,"ال phys crient نحذا١；

order ZQ Line up wi：h the 2 ئت٦；Shift orthogonal angles by Ρ1 *.ر 
٠n::.٠rienta :* firs

/* 

for ذا ت ;ل i ς 4； بذ*ح
دلم fabs(s：Ln)؛phys orient ؛phys or:.ei- :1؛^:sqr:':<0.^；；;.:؛.

phys orient〔لذ *： ?：دانم；
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■ ٠ average the orientations */ 

j)hys٠٠rient :=؟a٧ 
averagejwayrienzazians 

a٧era)؟e_t:١^٠_٠riencalions ٦ح٢تملات3ح_٢يح٢٦ينحح ص۶ذ٦٦/3ححهذك:_：ئ：.，

; ٦ :. ：3；:enr.:2] , ph٧s٠٠oت?ا٧3تل٢ليذ٦ح [٢ a-veragej)fo_orientazions

/* compute the orientation in لmage cccrdinates corresponding :ح
* the averaged orientation

/٠
avq img_orient = 

c:a.libration_map_gle٠acccrding٠t٥™_^transf٠ 
(((priv_cwa،calib *)calib)  ->inv٠map,avg』hys」jrienti ;

 if (cwa_find٠target_debug」lag ئ 0>تت

g_imc7 orient-,)'١f\n'',avg_^h٣s_orien=,a١ img %؛ phys)" ؛print

;:٥r٤en،١j.rn avg_i.n٦g：re

 /* compuce the image orzenzazicn fc؛ ئم٦تحذ كح٦ج ءت٦نم,ذقحذد 3٢يذ٢ذحقحذ

h٥r image arienzazicn:an٠! ح٠ ٥r：h٥gona is *

szazic cLcuble 1٢паде_псгл٦а：_：:_1гпаде٠зпд^، 

٦：dcuble img_c٢isn ٠ئتذةحم (cwaçalib
- }- 

re:urn
(traaisfc٢m_angle_acccrdingjtc_C3.1ibi٢ation_map 

( ؛ (pri7_〔：wa_calib ٠حاذتز - تذد٠بءآاً_٦,تة

ί ؛ ípri١Z:؛_|wa؟_a٠ib * ٦ تدذذح: I - >гг،ар , I٢r,g٠:ri٥r٦: ; ب ?：ل2إ：;ح
} ل ٠

*ا
 * compute،center_posit:icn and angle assuming_fcur cTLiaran:eed qood rays ' ر

improve escíndate of ：he crosshair position and orientation by * 

(guaranceed good length (50 pixels ٠ع * searching four regions 

zo the edge :نأت eminatinq from the crosshair center. Lines are ٠ 
* points along the four regions, and Chen :he orientations of these 

ar:hcgonal lines are computed by س?٠ . "* lines are '·averaged 
* averaging pairs of zhe four rays Fzna.lly, the position estimate is 

* computed by intersecting the two or：hogonal· lines

* img - cip buffer ccntaiiiing an image cf a :rosshair :argetl· 

п٠п-гес^апди1аг^^у لع<تاج ★ calib - cwa calib object characterizing 

en in image;* estimated ctr img - escimated position (qi١ 
 coordinates) of crosshair target (computed in step * 1؛

supplied oriencation eszimazeدا3ع٢ا - estimated orientation ohys * 
* (given in physical coordinates) 

* guaranteed qood_dis：ance - length (in pels) of guarateed gcoa 

rom :he origin٠حلااةير٢0 ؛ * region extending 

be scoreci '■دذاي vhere compuced Oosizion،' s：ruc:ur٠ ٥ * c٠mpuced٠cent:er

108

鵬丽三 SHEET (RULE 26)



wo 98/18117 PCT/US97/18268

 - ٥d：dciLCj_e '//nere ：0mpu 3تلذحقحتةذح ذ٢

be s:oreà ؛ ٠ذتلري,physical Cû٥rdina：es 

rays ؛г^а_1±.пе scruc:ures where goce 

sampled edge pernis دن :ne geed لحذلأهح٦ك

* c٠n٦puied_٥rien:at::i٥n_i；hys

good_rays - my of four ي

٠ (lines fit دح
* will be stored

static int compuce_centerjositicn_and_angle٠assuming_four_?uaran^eed_gcod_rays 

(cip٠buffer *img,  cwa_calib *calib,  cwajoint *€ تعك٢ت_لاحيلحهعقآآ٢آ٦اً , double

estimat:ed٠٠rïent:ati٠n__phys ، حلصاهك num_guaranteed_good^oints, 

cwa،point *comput:ed_center , doiible ★computed_crientation^hys, 

cwa٠!.ine *good_rays)
- ~لم

int رت
double angle [4]，٠
cwa،point startpoint [4】,end_poin:[4]，· 

c٠va_!ine compuüed_]٠ine٢4： г ncminal_iine;
doiible img_angle[4 1 ,angie_horiz」ine,■

estzmazed_arienZ3.ZLanj)h'ys ,-

= ح٢ت٦ح/٠ح? ,
,. Ξ . ذ*：?r٦ys٢ح_·٠lحئح:aحιenتحcلedحmaذحes

angle[。] 

angle[1] 

angle[2] 

angle[3]

크 ت?0：٩لا دن ك:جح 3ك GCCD 3خةتحح٢حتت We define :he 5C pel *اك
де :an '：se- ثح٦حق REGION so ٧تكةذ٠ * 

along ray，::‘ 스ユニ匚ニニニニ ن: تذت٦ج: * che enumerate_poi.nt:s and 

sampl;:.:· ح3 3ححح :* If we're sampling a٠ong a Lme and we wan 

nerral· دن hen we :an use a nammal \:ne which： نم * after 50 pels 

5C ثح٦ة؛5ت2تذ 3؛ and a ح0ت٢,حئ szarz تحح٦ذ9ت تح٦ج: ・ こ〇 and passes 

./*
ιζτ\α->χ； ح5ذج٦٦ةهحة اًحح : nominalfline. X 

погп1па1_1؛.пе. у = ج3تح٦٦ةجحق ؛ح: د٢آ٦;رحح-؟

ا* The passed arienZáZLzn دئ given لاد physical تح٠٢ةحقتتي3

for (i : 0； i < 4., ت٠زم
тар ح0 اهذحقحدئ.ذكدةح٦ angle [i] : transform angle acccr^inç 

pr)))؛٠_/a^c٠ ذذادح *١لت>ازئتذةح٦أ٠٢ map,)؛.ذاً，·

for (i : 0; i < 4; ربلجل١

/*  The sampling region begins a: the çoinz a smal·^ distance

* away from Che crosshair center

* (CIROJLAR BUFFER_ZOME_AKOUND٠CENTER) to be exac：, and

* extends out هح guaranteed good distance from the :snter 

*/
startfjpointfi] ٠x = estimated ctr img->x +

CIRCULAR SOTFER ZONE٠AROUNL٠CENTER*cos  (angle للأ ر  ; 
start،point اذا -У = estimaced Ct: img->y +

CIRCIJLA^ BIJrFER٠ZONE A?0mro_i٧ENTER*s:.n  {angle ذا ١[  ; 
end_٠p٠int[i]٢x = estimated ezr img->x +

num cruaranteed gc٠dj3O]_ncs*:os  (angle [ن];; 
end٠p٠irit[i]i٧ = estimaced ctr img->y ز
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 ٥edi_gccà:num guarant_٠p٥ int ت ٠ s لت٦ ( ح٢ل؟ا ه ع ن : '

；2/angle ÍÍJ+PX = ٠ ح nominaljiine

enumerace٠points_and_fit٠I].ne_al٥r٦g٠ray 

omc Ci(img, Ststa.rzj)] , ]دح , كة0,يآكذذلذقتذ^

 num_guaranteedi٠good٠point:s ص
 STEP١S]：2E_USEdZt٠_N_GCOD_R£3：O：_ENT；MERATE_POINTS٠؛；٠٦ ,,

üclp=find=targSt٠٠initial_search, 

 Stcomputed،!■ ine [i] , mjLL, نمدطتآنح0;)

img_angleLi】 = computed_Iinefi]ح.；

٠igo٥d , [cu__c٥py(^comput:ed_line [i_٢ays [i] , siZQof قدلآح(٠1اححذ د ;
- - - {

/* average the angles */ 

angle_horiz_line =

٠rient:at_average٠٠٠f٠ur_image؛;:.٠ns ：：ئئلةح٠

 (a^c٠؛_ind__：argec__debug٠؛ag.2 ئ <;ت：;
,f'n11% ؛ه اًلآ ؛ج ёгаде/٠а؛ ( |٦print 

i.mg_angie ا١д_апд1е」0] , 1 تح：٣ ح٢٢ئتع_يم9عذ ：：： , ئ٢٢يذحتقلح.
;arÎgle_hori2」ine

i^ rays؛ average the ٠/

;٧:٠二 . [2؟^ت:ح١قح^ف٠ج^ذذ ع
二.,’.٧١.

campuce¿_-^ne:3؛ رحح. '■2;

angle ca1」二，angle٠hc:"i

٠ ٠χ ؛جتئذ_فهتآحعآأاً:ح(0ل 
 ح(٠ئذغ_كح:صهآآا٦6ً ا 0] .٧ ب
r ح(0جصغا_ياًححلما^；：<:.ذذ

٠ . у

ai:gle_hcr^z_li;:e : 

mage пота:.، دح آآئ١ه؟ة

computed_lineiOi .χ 

computed_lmeiO】 .y 

χ. ت[١c٠mputed٠line 

y. ]زنccmpu:ed_line 

 ccmputedÉiline ί٥ί ج.

С：три：ес1_^пе ]ذا ح.

* compuce :he حححتذ3كقححح ح0حتذ  *,
cw٥_l^nes_to ccint ( حث0٢آا٠ًةححلا  cen:er,' ;

/*  fix the orientations of ：he gcod rays to ccrrespcnd 3ح ：he

* ‘·average·■ 0： اًهذحقتأعجئ٦
٠/

g٠٠d_rays[ol٠c = good_rays：2î .ح = angle horiz line:

*computed orientation ohys = 

transforra_angleacc٠rding_tc_calibratÍQn_map 

(((priv cwa_calib * ) calib) - >n٦ap, angle_horiz line);

go٠d٠rays[：L].t = good_rays[3].t =

transform angle accordinq ح0 حذذةح٢تحت0٢ا  map

“(priv cwa caiib * ) calib) - > inv_map ،
*computed oriencacionj^hys-hp：/2);

he: ؛ت Compute the two intersections be:ween a circle and a */

do ΩΟ： حتذاد and جتح:ئح * circle and line intersect, ：f Che

* incerseccion, signal СТА E^_NC_：r٢٢ERSEC：：ON 
--- /* 
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 static int جحللل٣3:ذل_ححج٦كحئق_ي٠٠هذ:حذم؛：：'٠٧ححذذلة ٠,هحذح :٠حتتيتةك ٠لحح

٢es٠l.·* ًح٧3دل0ل٩تا ,radius ة٠حذدلدا
res_2î* ٥oin٣_cwa٠

- }

حلحلاهك ع_جل؟عق0اجللتل_ر ةحقذك٢خل_تح_جحلم٢,حا لق٦9ح_حتذحوحح_حلم٢٦يئتذح_ ;

；2/٠ine->t: + PIy[ : angle٠to_line 

+ ٠《if ((c٠3(aügle٠to٠line

(0 > ( {sin (angle_c٥i_line) * (line->y-Ot->y

line += PI；_angle٠t٥ 
٠(,oiiit_to_üiie(pt,li^e(١_distance_t٥٠line = dist3nce_fr٠m

١ (EPSTLON_THRESHOLD ٥٠ ٠line 〉 (radius：_if (distance 
cct_err٥r (C^A：ERRJO_ZNTERSZCT);

tc_iine/radius:,._acos(distance٠ ج ٠n__li٠ne_p٥int—angle~t٩

res٠l->x = pt->x + 

radius*c ٥s ;

г٥з_].->у = p:->y + 

rad؛us*sin جلحقاًتق؛0ح_جذيتةبةتذئل٠و0حتذذ_ت:_حتتذ؛

res٠2->x = pt->x + 
radius*ccs 'اangًح_جث0ل_lذnح-arئg_جذ٠ح0Jتcتnت_حπ:;يتذخل

* ٧-<res٠2->y : pt
radius *ثتذة ي ine - angl _ح = ٠^_〇こここ_コニ_1 تث٠ : ■,

d_a^gle_^long_g"Li٥ranteed_gccd_r3ys :.^٥_с٥тси:е،сеп:ег o٠si = ^cn *ا 
and orienta.zizn by 003ثحت٦□ * generate final es:imate zz crosshair 

rays (using four good rays as نات؛: * enumera：ing peines along 

the 3 حكذ'حح because we:حح؟تلت * thresholding lines) . We use tighter 

.٥f :he good rays * p٥si:i٥ns

:arge؛؛ :؛an image of a crossha اً^تتذةحعهح img — cip buffer * 

lari=y^n٥n-rec^a^g9تعتت ١ calib - cwa_calib objec： characterizing ٠ 
giTzsn in image) ٠0تحتة٠٢ا * escimacedi_c:r_imq - estimated 

na：es) of crosshair target (ccmputed in:؛.* co٠rd

* step 2〉

* g٠٥d rays - array ◦f four

٠ (lines f؛: to
* will be stored

 strucues جعكل_ةيلآح

sampled edge points 

where geed rays 

in the goed region)

٠ tight threshold - chreshcld used for decermining ٠تجذححى  points

٠ with respect co the good rays

٠ computed center - sdruccure where computed position ذددتملأ be scored

٠ computed orientation_phvs - dotible where compuúed orientation (in
* physical coordinates) ذددكلآ stored 

static int compute center ه٠ذحاتح٠ل٦  and_angle along <maran:sed،gcod_rays 
(cip_buffer *img,  cwa calib *calib,  cvaj)oinz ★escimateci_=rr_img,

cwa line *good_rays ٠ do^۵le tight ：hreshold, : ٠وةس0حعل
٠computed center، doiible *compucsd  orientation ohys، 
double *feature  score)
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；int: i 

[:4] angle حلدلداهك 
٠wa٠p٠int: start٠po：Lnc[：4] ,endjoinzlA]: 

[,.4]cwa_!.ine compu=ed」ine 

img_ang!e[4] ,angle_h٠i٠i2_li^e·, ك٠جلدلدا 
[,·int num٠enumeraced」3ointsf4 

1?،G：NTS];{١٢٢_s Í4] ■：MAX:٦：٥d_po]i:enumerat , ٢]ت cwa،point pQ3sible٠at:art٠poincs 

dotible a7g_squared_srror;

(ЭХ1 ط if (cwa_find_targec٠debug_£Iag 

printf(|'c٥mpuce_cen=erjositj.on_and_angle_alcng_gua٣anteed_gooci_r3ys\n;)'■

 for (i=0； i<4; {)+بلم

cen:er, radius;,__٠：_dOLible distance

 For each ray, we need こ〇 deter^^ne */ ٠حقغس ذح٦ح 5ك٢٦ذلح٢٦٠

line should be * 

 ٠ ٣his by incersec^mg zhe zay We do ■٠٧ئحذ٦ a حتح؛ذ:
٥r:c٥n تح0ة3؛٦:ذة centered άΖ Zhe ٠ 

てこ ٠٧ خيهتe■ ئت٦ذححجت؛يح3٢ئ ؟0.تحتت * Since :here are twc 

 determine which one * ئ3 تح٦ة ٢ذدع ذحه٢ح ت: هتت: ةد٢؟تذذء?

neل ؛ * 
 ٠ It: ：uns ou： تاًقتح we تذة: حتد٣ذحا٦ك حذت：آ :he تتت:حجتحيحتح

* ρο;η: which is ث:0ححك :ح Zhe تهحححح ؛: Zhe قح٦ك

distance zo center =

distance from ٠ححته  こつ ^ine.:es^:maí:ed c:r ]·mg,igcoci rays رذا

sqrradiUS： ح(：حقرتحةئ٠3تت?ممآلت3ح；ق٠٠نم_١ااًهت'ق：?تاًاًدتح_ل٠

١?٠Г٢^：_ТВ٠{А?С٦_Е؛：؛٠г?Н?__г；С：кСЛ_Э٦
ضلأ٠ائغله،ه٠ ·*ب 4wMiàww٠ عنهد<٠هـهد،٧4٠ ي م م بم٠ ٠٠ ب η م ه ٠"—, ك٠م٣بم~و٦١٠بكا٩ م ب ٩ TR د٩ حتم *·م٠٠مه٠*به

in:ersec:_l::.ne_ai٦d circle í٥go٠d ravs ： ن； هم ذحةي٢٦ةححق  ここご ت mg, 

radius, possible ةحك：حتجتتهئ0د: , 
àpQSSiJDls szarz ：0 ئ،تحتتذ٦ ；；

if (cwa D٥int_distance
( ءك0ة3ةلئل  Όοιηζ *';igcod —raysLi::. <

cwa ooinn distance

(^possible scar：_poi.n:s[l] , (cwa OOinz *>5 (good_rays[i])) 

cu copyiStpossible sZ3.rzj)o:nZ2 ا0ل  / ^start_p٥int ii], 

sizeof (cwa٠_point/؛ );

else

cu c٥?y(&p٠ssible star: OQinzs ع：ذ ,٥ scar： حتذهتلالئ  ، 
sizeof(cwa nein:；);

/*  Now, we have هح dete^ine which way we should :ravel along

* the ray (good ray [ ]خ ح.  or g٠oá_ray[ij ٠1بتأا
* We determine which ·way by comparing ذح٦ح  star: point ٠ثعلع٦
* the center of the gccd ray

٠/

orientation away from center = good rays ئا٦ ٠ こ,’
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if ( (cos* 

img- >x,-_(good٠raysji] . x-estimated_c:r٠ 

٠rientation٠away٠f٣٥mçenter) *) sin 

٠п٦д[__::(good_rays [i] . у-ез：；1.тасес1_с- >٧. < ت ;

orientation_away_from_center *=  PI;

end٠p٥int:[i].x = start_point[i].X +

IWC٠LENGTH٠DlAGONAL_ACROSS_C：P_BI；??ER٠ 
٠riencation_away_from_cent:er);) COS 

end٠point[i] .y = start_point [i] .y +
٠٠АСНОЗЗ_С1Р،ВОТ٢ЕК٠^٠ГН_П1АСОКА1^МАХ٠Ь

٠rientation٠away_frorn_center);)sin

Oxi){ ئ if (cwa٠find٠targe^_debug_flag 

f discance؛ج ؛ f؛ good_ray ؛ج ؛ج center" ؛)：prin 

 esüin٦at:ed_c:r٠in٦g->χ: escin٦a：âd٠c:r٠img- 'لآد.

٠二,：:：s٢i■ .y,gc:á_rays/٠x,gocíd_ra٦ [gocdfiraysfi

; center٥_١:cüsüance_t
٣٦٣٦٠٦٠٠، ا ا٠٩ء، ءإ ،إ ءج٠ا'٩اا >ا<لههـفشرا٠٠ ١ ٠٠· ده٠ 9م ٠٠ ده ,

٥۴٠٦١٠٠!« ٠٩ام٣١٠، ' ا ح ٧ ع٠٠بل٠٠ ，—م,.，，《，م ا, ٠. —ي ني ي4نيخهتى ا ف ر . ٠١ , ٠ر هني٠ ني ،، ٠١ر اهـ ٠ ، ني رفي، ٠ .
end 0لذححتذح . x,end دحتتحتاً； .٧

} ض

 and_enumerate O0^n：3٠ تآذ: ئل٢حئ ؟تآدذع ادة:
s/ra٠0حذ٦تذعتأست٠ح٠خ ٦ Siend , ة3رح:دح٠حتت ددح ,img)

،tight threshold

3ΤΕΡ٠5：2Ε_σ5Εϋ_ΐΟ_ΕΝτΜ：^ΤΞ^ίΡΟ٣ΝΤ5，

SsClp find target_rine search，

つً؛，

SL±pixe٥ ٠,٠:nd :arge: c:mpu٠إحة0 ت؛/
&c٠mpuced٠^^re〔i，， لح0ةجتت ذخ
toum ٥numera:٥ä ح٠تاًتت3لذح

imq angleiij = ::mpucsd تمححذد；ح.；

* For each pair 0؛ opposite ravs، use the closest poincs 30 :ha:

* we use the same numbe: 〇¿ points ◦n both sides of ：ne

* crosshair center

٠ Since we don1 ع know why the last edge point became Ín.٦ralid, we

* skip the neighboring 2 points jus: こ٥ be on :he safe side
*/ ج

 num enumerated points[。] = num enumeratedjoints [2؛ =

min(num_enumeraced._p٠in:s٢o] ,num enumerated οο:.η：Ξ شطل , -CLTTLIER 3;دححاًتآ

: [3] ٢٦um_enumerac٥d٠pc：i：:s = ٠٠]لماًةحعت num enumerated 

min (num٠enumerated DOints[l],num enumerated OO!.n:s ، 3 ] ١ -CXmiZR 3;كعح?تاً

3 these pointsح ines إ it-؛Re */

avg squared error 0 ت ;

for (i 0 د; i < 4; بل٠ >{
daxible ؛it error；
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 fit_error ت

 حلمجلالتل6ح_0٠ل0حعل3
 (^enumeracedjjoints٢]ت ا0ل , o;num_enumerat٥d٠;٦：3ئ،：.

 &ine.[_compuüed ]ل[);

،■4/'fic_error ب= avg٠squared_error

* f eature٠acare =

٠z_map٠a٦٢erage_squared_٠error_t:٠_max_].000 iavg٠_squared_err٠r١ ,■

/*  Average the four rays by averaging the posmons and

* orientations

/٠

camputed_line[Qj .X 

computed٠line[0] .y 

comput:ed__line [لم] .X

(computed」』e[01 ٠x 

(computed_iine ίο] .٧ 
(computed_lineii].X + هح0ةتذثاههحذاحأ ة3

:ソ١

نمم٠١٦٦٠٠٠١ ج جد د لت٠دح ج

 angle غ0ت؛2 ل ine ت

average_f٠ur٠image .

Lme； ح٦٠تتح angle = [.0ع]تل3ع compuced 

computed ل .:ne لم[；.： = image normal ح: ٢٦:ذحح ٠ذ٢زحت；

cwa !;nes حÎ3٠int(&ccm 3؟iated_iine:0],&comçuted ذد٢جت：ذ： , Cümpu:۵d حهححم:

entation enys =.computed or٩* 
Zãh'::atian map دح qتذe_ac:ordًلماn_anآcr؛trans

priv))) :اقسائتثة: ٠١رئذثةح حي٢آ٦,حق3٢ت9حث حذحهغ ,رجتتث٠
-" ١

or localizing؛ function حل١7ذح cwa find_targec() is ：he ：op *ا 
.crosshair ددن؛ ئح٦ة :it canc 0 ؛ت irns،١：Σ： re ٠ :* the crosshair targe 

escimate of crosshair esneer 005لئذحت٦ imp rove ؛: ع٠use sear لم( * 
* 2) compute four good rays eminating from the origin by sampling 

* edge points wichin the guaranteed good region along the user

* specified orientation
* 3) Enumerate stibpixel. edge points along the four rays eminating 

ers:،:0؛ identify ouح * from the Che origin and use the found good rays

* cwa find target tries to localize a crosshair targe: within an 

it was successful and ◦ otherwise ؛* image and returns 1 i

* img - cip٠buffer containing crosshair target 

iew；١ * calib - characterizing field of
* angle - initiai orientation estimate or crosshair :arge： 

cwa_line strdCture where result vill be scored هح * result - pointer

/٠
inc cwa find target internal

(cip buffer *img,  cwa calib *calib, ئتح٦ع a"'٠ ,angle مصا。¿   *result,

cwa stacus *status)
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 لعيلآح)حعكه gr٥s3_pos_es：i٢nat:e, ^غ：0٧كج_0٠3ذحةيل٢آ٦ححة ;
٠rientat:i٥n٠est:in٦at:e :_d٠٦wl.e improved_phys 

٠[،4]cwa٠line g٠٠d_rays 

ans ; ت نم mt 

；cct—Signal sig 

٠t:m،t:imer time； 

 int ح0ج,لمحا2تخ,；

cwa_Iine cw； 

cwa،calib *caliti_identity=NUU"

NO٠REGISTER(calib_identity); 

c۴^a_sÎ：a:us))；؛)cu٠clear(status,size٠ 

 CWA٠ERP._N٠O٠INTERSECT：ON is used */ تح٠ كئحاًذح٧ when we :агтзс ثددذ؛

line اذقحذحكهر or ة0ح:ت؛٢حئ3ت any edge points for an ejected ٠

 、’sig : اغححةحدح::0زز

done ; ٥:gc

e:<pand هحح s:ack حmake 3 حح؛٢ا? ؛3٢ ح٢حذ م：：： تي٠يذتثف عتكث٦تخم دم■

allocate

i٠expand٠s:ack-،c١ ( ت6 د ;

result))؛ئ ؛ 
result = ء^جة；

img))؛ ؛i 

;.٠3ADA?G?：:：،error ：CGEN_ER

 /,* ؛ح no calibration ٠حمحزئ ذpasse¿, :ake зпе so zhaz 3 هحححح ك.ت
only one path :hrcugh the code * 

/* 
calib))؛ if 

calib = calib_identity = сха_:а2٠1Ь_таке ：و,.0نم.0ئ,.ذ,ل,.0)；

/٠ 1) use search *ا

ctm٠begin ( تحة()جأاً;

ans = gross٠locate_crosshair_cen:er٠in_image 
angle٠13o7p=) , ^rassjcsjstzmciZ.^; ٠ .(imgTiintïdO 

ans) ccti٠error(CWA_ERR_NO_،：NTERSECT^ ;)؛ ؛i

(

٠buffer win;_cip 

double x_edge، y_edge； 

int edge_valfdir； 

se:；٥؛f_double ¿mg!e

;cct٠٠signal sig
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 int د；
；.{2).leftl4]z{-2.t-2.l2 حلدعاهة 

 كلمآهة1ح ت؛ح?٢4ت]-{2.،2٠ ,2.:-/. ■،ر
,win¿نمcip٠window(img

ا٣ًوكقه٠3تحقج_٢ت~د.ححةأآ5حى,0ح5و0ذحةي_ة٢.ححقلآ٦ل-ا5,ا_0；3 -د
 for ن( = 0； ل < 4;

٧al_٠٠return__success_if (cz٠cebt_start
r ^edge٠T،ral, ٠, ت٧ةح_9حeáge>:^ , [i] 3] / ₽هح / left [i ٠ 3 قليك(٠

٠ffset) )_Stdir, ^angle 

break，.

} 
:,-٧al_status->concrast„score=cz_map_edge_val_to_max٠l٥00(edge

-- - --- - {

ح0 :

 if (cwa_find_cargec٠debug_flag ئ <;ه：ر ؛

1'gross pos ) ؛princ

 cd_sh٠was ¡、Í ئئ٦)ح &gr٠ss_^cs_est^^٥^s , ''ح٠تةس0حتذ ا. ;
٠- -- (-

 ا* 2د improve the ٠ذحذةح3٢ت and تحذجةححيق؛ت يحةحئحكه ق٢٦٩ حح٢ح٦يحئا?
the four good rays * 

ί ٠

(img, calib/ &gr٠ss__^os_es^^^a^e, 

traansf٥r^_angie_acccri^nci^3_ca.librat^Qn٠map 

mac, angle;，-< ٠,١رئذذقم wa_calib:٠٠_( ( (pri٠z 
do)ذاbلeتآى)ΆغANتتاDًى_C^Dتة_：ذة,ت٢r٦pro٩zedزcح٠_٠هsتحrτ٦a,ح:

, gccci_rays ا: ;

٠read^^tz = c 

 a_f،if (c٢.؛;nd_:arget_debug_f]-a؟٢ ح وذدن {
printf ( " : Ц};

cd_showas ( (こ二)=ا|أح٠٠لتةي٠احتثاإ ;
- - __ - {

3) Enumerate edge points along those four good rays and use */ 

٠ ٠٠i٦:٥rien:ac those lines to сст٠и：2 the final pcsicion and ه3ححة:ئح3

٠ng_guaran:eed_g٠٥d_ra٧s!c٠n٦put:e_cen:er_posi:i٥n٠٠ai٦ci angle a 

 s/(img, cal^b， Siimproved DOS sscimace , g٠od_ra٦ , ：حح1ةث{ل_اً<£3يمم0س ,
cwajoint: *)  result,)

^،stacus->feat:ure score);

ctm٠read(ütime■') ت t2

cz_üransf٥r:n۶٠int 

cwa calib_;(((pri٠ *قآآ[ح-وتذدةحر٠,
，resul·：：>χ, result - >y

116

SUBSTITUTE SHEET (RULE 26)



wo 98/18117 PCT/US97/18268

} .(0x2 ئ lag؛et_debug؟٠cwa_find٠t:ar} ؛i
7 ( : result'· ) ؛print

 cd_3h٥was ( (int) result, 1دلةكلح'٠ت٢'احلم ) ·,
} - ر

(}0χ4 ئ lag؛if (cwa٠find٠target٠debug٠ 

( ·1 : Times，，) ؛nt؛pr 

to),·،'gross locate: %d\n؛ ٠)"print 

printf(* 1 fine locate: ^d\n",tl-to.,) 

printf(1' finer locate: %d\n"/t2-tl)；
}

done : 

cu٠expand٠stack(-ل6 );

; ،،/٦:dent;i_:؛.calib) ةزةسأح1جك_ةذ1جحح (if (caiib_identity 

argijmenc لة٦حذ؟ Make returned angle agree with given */

٦r٠w(sig)；؛sig) cc:_t) دل

(for (i = -8； i <= a; i٠t
 لم٤؛ل((：0كك)

angle - حذ^ة； < ق؛٠يت.ح5٠حح-حخف - fabs(resu!:->t: t i*p=, 二) 

í*P ：,'2 , l--·； += ح>لresult

;1 return
{

find target ٠ةسأ int 

,cip buffer *xmg) *,تدذذدح غ0جذشا ang،e, cwa ح:ثت قىقا٦,حذذ  cwa_cal^b 

cwa scatus *status) 
{ -

S tmc s：3t١bis；!،cwa scat٠ 
c:t signal sig■,

status) status = ütmp status；)؛ if

cct٠catch(CGEN٠ERK BADARG); 
C：t_catch(CWA_Ê^_BACIŒIT); 

CCtZcatch(CWA：ERR_TKACKER);

if (sig：cct catch(O{)) 
if (sig == CGEN ERR_BADAHG){ 

3AnARG ;_٠?status-〉error ：lags ¡ = CWA،ER 

cctend(sig;) 

cct error(sig;)
} — 

CWÂ_SRR_FAI^ED_TC_7ÎÎTO_TARGET·, ：؛ status->error_flags 

;0 = return status-> foimd
{

;( cwa find target internal ( :.mg, cal;b, angle ، result, status
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return status - ح f ٠٦md = ل ;
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Described herein are calibration targets and methods for determining the location 

^d 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 11ئ Avithin the scope 

5 of the invention，of which we claim:

119

SUBSTmJTE SHEET (RULE 26)



WO 98/18117 PCT/US97^8268
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10

15

20
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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·

3٠ 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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6٠ 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.

7. A method acceding 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·

8. 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 expec^d to be aligMd.

9. 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.

10. 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 forther inchding the step of determining an orientation of the target 

based on the angle of those identified edges.

11. АтасЫпе vision according to claim 1，comprising

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

and
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B. taking an angle histogram of the Sobel angle image to determine an orientation of 

the target.

12. A machine vision method of an orientation of a calibration target in an image，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 position;

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

edges.

13. 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.

14. A method according to claim 12, wherein

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

image; and

122

SUBSTITUTE SHEET (RULE 26)



WO 98/18117 PCT/US97/18268

5

10

15

20

25

30

Step (c) includes taking an angle histogram of the Sobel angle image to determine 

an orientation of the target.

15. A method according to any of claims 1 ^d 12, wherein step (A) incudes the step 

of generating an image of a target in which each region has any of a dififerent 

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

16. 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 dififerent characteristic in such an image than the regions adjacent thereto.

17. A method according to any of claims 1 and 12, wherein step (A) incudes the step 

of generating an image of a target for which the reference point is at a center 

thereof.

18. A method according to claim 17, wherein step (A) incudes the step of generating 

an image of a target for which the linear edges substantially meet at the reference 

point.

19. 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.

20. 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.

21. Amachine vision method of determining a location and orientât on of a calibration 

target in an image thereof^ the metkd comprising the steps of

A. generat^g an image of a target that includes
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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. generating，based on analysis of the image，an estimate of an orientation of the 

target therein;

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

reference point therein;

D. refining，based on analysis of the image, estimates of at least one of the tocation of 

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

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

foUowing steps:

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

in the image;

ii. applying a Sobel edge tool to the image to generate Sobel angle image， 

generating a Wstogram of the angles represented in that Sobel angle 

image，and determining a one dimensional correlation thereof^ and

iii. inputting an orientation from the user.

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

foUowing steps:
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i. applying a Hough vision tool to the image to find an approximate 

location of edges therein? and findig an intersection of lines defined by 

those e٠es;

ii. applying a projection tool vision tool to the image to find an approximate 

location of edges therein，and finding an intersection of lines defoed by 

those edges;

iii٠ applying a correlation vision tool to the image to find approximate 

coordinates of the reference point; and

iv٠ determining a sum of absolute differences to find approximate

coordinates of the reference point·

24. A method according to claim 23, wherein step (D) includes the step of invoting 

the steps in sequence，at least one time:

i. 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

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

25, 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 sarnie 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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