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(57) ABSTRACT 

A method for determining a location of a border in a color 
image, the image including at least two color populations, 
between a first color region associated with a first one of the 
two color populations and a second color region associated 
with a second one of the two color populations, both the first 
color region and the second color region being in the color 
image, the method includes identifying an approximate 
border location between the first color region and the second 
color region, determining a plurality of candidate border 
locations between the first color region and the second color 
region, each of the plurality of candidate border locations 
being determined by applying a corresponding border loca 
tion method chosen from among a plurality of border 
location methods, choosing one method from among the 
plurality of border location methods as a preferred method, 
and determining a location of a border between the first color 
region and the second color region by designating one of the 
plurality of candidate border locations associated with the 
preferred method as the border. Also, an automated optical 
inspection device suitable for inspection of patterned 
articles. 
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DETECTION OF SURFACE DEFECTS 
EMPLOYING SUBSAMPLED IMAGES 

FIELD OF THE INVENTION 

0001. The present invention relates to apparatus and 
methods for analyzing images, especially but not exclu 
sively color images, and more specifically to apparatus and 
methods of image analysis which are useful in inspection of 
a patterned object. 

BACKGROUND OF THE INVENTION 

0002 Apparatus and methods for analyzing images, and 
in particular for image analysis which is useful in inspection 
of a patterned object, are well known in the art. 
0003. The following references describe image process 
ing methods which may be useful in understanding the 
present invention: 
0004 C. Gonzalez and P. Wintz, Digital Image Process 
ing. Addison Wesley, Reading, MA, 1987; and 
0005 John C. Russ, The Image Processing Handbook, 
CRC Press, 1994. 

0006 The following references describe edge detection 
methods which may be useful in understanding the present 
invention: 

0007 D. Marr and E. Hildreth, Theory of Edge Detection, 
Proceedings of the Royal Society of London; and 
0008 M. Chapron, “A new chromatic edge-detector used 
for color image segmentation”, 11" APR International Con 
ference on Pattern Recognition. 
0009. The following references describe color image 
segmentation methods which may be useful in understand 
ing the present invention: 
0010) Philippe Pujas and Marie-Jose Aldon, “Robust 
Colour Image Segmentation”, 7" International Conference 
on Advanced Robotics, San Filiu de Guixols, Spain, Sep. 22, 
1995, and 
0011 Leila Shararenko, Maria Petrou, and Josef Kittler, 
“Automatic Watershed Segmentation of Randomly Textured 
Colour Images, IEEE. 
0012 U.S. Pat. No. 4,758,888 to Lapidot describes a 
method of and means for inspecting workpieces traveling 
along a production line, including on-line inspection for 
flaws without interrupting the progress or workpieces along 
the production line. 
0013 U.S. Pat. No. 5,058,982 to Katzir describes an 
illumination system particularly useful for inspection of a 
workpiece by an optical scanner. 
0014 Israel Patent 81450, owned by Orbotech Ltd., 
Yavne. Israel, granted Jan. 8, 1995 and entitled “Illumination 
Device for an Optical Scanner, describes an illumination 
device particularly Suited for use with an optical scanner 
used in automatic inspection, especially for delivering 
intense, multi-directional light energy to a target area. 
0015 U.S. Pat. No. 5,586,058 to Aloni et al. describes 
apparatus and methods for inspecting objects and detecting. 
defects therein, including inspecting a binary level repre 
sentation of the object, inspecting a gray level representation 
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of the object, and preferably reinspecting the grayscale 
representation of the object to filter false alarms and to 
classify defects. 
0016 U.S. Pat. No. 5,774,572 to Caspi describes an 
automatic visual inspection system, which is preferably 
operative to convolve a 2-dimensional digital gray scale 
image of an object with a filter function related to the second 
derivative of a Gaussian function forming a 2-dimensional 
convoluted image have signed values. The location of an 
edge in the object is achieved by finding Zero crossings 
between adjacent oppositely signed values. 
0017 U.S. Pat. No. 5,774,573 to Caspi et al. describes a 
visual inspection system which uses convolution of a 2-di 
mensional digital gray scale image of an object with a filter 
function related to the second derivative of a Gaussian 
function forming a 2-dimensional convolved imaged having 
signed values. The convolution of Caspi et al. can be 
performed with a difference-of-two-Gaussians, one positive 
and one negative. 
0018 PCT Application IL98/00393 describes inspection 
of printed circuit boards using color, including the use of 
color to identify certain types of conditions. Such as con 
ductor oxidation, using color. 
0.019 PCT Application IL98/00477 describes methods 
for analytically representing an image so that morphological 
operations such as dilation, erosion, and Scale measurement 
may be performed on non-binary pixels, preferably more 
efficiently than using previous methods. 
0020 Methods which may be useful in image analysis are 
described in the following publication: 
0021 Dorin Comaniciu and Peter Meer, “Distribution 
Free Decomposition of Multivariate Data”, SPR 98 Invited 
Submission, Department of Electrical and Computer Engi 
neering, Rutgers University, Piscataway, N.J. 08855, USA. 

0022. The disclosures of all references mentioned above 
and throughout the present specification are hereby incor 
porated herein by reference. 

SUMMARY OF THE INVENTION 

0023 The present invention seeks to provide an 
improved apparatus and method for visually inspecting 
objects and analyzing their images, especially but not exclu 
sively color images. The apparatus and methods of the 
present invention are believed to be particularly applicable 
to analyzing images of a patterned object, and more par 
ticularly, applicable to analyzing images of a patterned 
object which includes a plurality of elements that have 
characteristic optical attributes. Objects for which the appa 
ratus and method of the present invention are particularly 
suited to inspect include ball grid array substrates (“BGA), 
printed circuit board Substrates, particularly printed circuit 
board Substrates including multiple conductor materials, 
laminated printed circuit boards, lead frames, flat panel 
displays, hybrid chip packaging Substrates, tape automated 
bonding Substrates, and other similar multi-material pat 
terned objects. 
0024 All prior art object inspection systems suffer from 
certain limitations which make them useful for inspecting 
only certain types of objects, even if the objects being 
inspected are limited to the fields of printed circuit boards, 
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integrated circuits, and similar electronic components. The 
present invention seeks to provide improved apparatus and 
methods of analyzing images, particularly color images, 
particularly for the purpose of improving the functionality of 
object inspection systems, increasing the diversity of objects 
that can be inspected by the system, and generally reducing 
the limitations thereof. 

0025. It is believed that improved color processing may 
be particularly effective in analyzing images of multi-col 
ored objects, particularly in cases where adjacent colored 
areas in the multi-colored objects have colors which are 
difficult to distinguish from each other in a monochrome 
image. For example, in the case of inspection of a ball grid 
array Substrate or a laminated printed circuit board, it may 
be desirable to distinguish between areas which are, on the 
Surface thereof, gold and areas which are, on the Surface 
thereof, copper, and to distinguish between metallic areas 
which are covered by partially transparent masks and areas 
which are uncovered. Similarly, areas which are, on the 
surface thereof, silver may be distinguished from other 
areas. It is believed that distinguishing between Such areas 
may be accomplished more effectively using the methods 
and apparatus of the present invention than in the prior art. 

0026. In the case of a ball grid array substrate, by way of 
example only, other areas among which it may be desirable 
to distinguish or characterize, using the apparatus and meth 
ods of the present invention, include: a bare Substrate, a 
metal coating Such as gold plating over copper pads and 
connectors; the existence of an at least partially transparent 
coating, such as a solder mask, covering copper connectors, 
gold plated connectors or Substrate; different Substances 
Such as copper connector or gold plated connectors lying 
under an at least partially transparent coating Such as a 
solder mask; Surface residues such as, for example, a pho 
toresist residue, Voids in a metal coating; Surface irregulari 
ties; Scratches; foreign materials; stains; and oxidation of 
copper connectors or gold plating. It may also be desirable 
to distinguish the shape of an area Such as a metal connector, 
a metal coating or a surface mark. The examples given 
immediately above are intended to be by way of example 
and not to be limiting, it being appreciated that it may be 
desirable to distinguish or characterize many kinds of areas. 
It is believed that the apparatus and methods which form the 
current invention are sufficiently flexible to enable inspec 
tion and image analysis for many different materials and 
materials combinations on objects, such as BGAs, under 
inspection. 

0027. It is appreciated that different regions in BGAs, as 
referred to above, will generally have different colors, color 
populations or other optical characteristics as described 
below, and that different. areas may therefore be distin 
guished by distinguishing the colors and optical character 
istics thereof. It is particularly noted in this regard that 
different Substances, including different metals, and materi 
als lying under a partially transparent coating, such as a 
solder mask, may generally be distinguished and classified, 
using the present invention, accordance with the different 
colors and other optical characteristics thereof. 
0028. The present invention also seeks to provide 
improvements in processing of monochrome images, espe 
cially in applications similar to those mentioned above with 
respect to color images. 
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0029. There is thus provided in accordance with a pre 
ferred embodiment of the present invention a method for 
determining a location of a border in a color image, the 
image including at least two color populations, between a 
first color region associated with a first one of the two color 
populations and a second color region associated with a 
second one of the two color populations, both the first color 
region and the second color region being included in the 
color image, the method including identifying an approxi 
mate border location between the first color region and the 
second color region, determining a plurality of candidate 
border locations between the first color region and the 
second color region, each of the plurality of candidate border 
locations being determined by applying a corresponding 
border location method chosen from among a plurality of 
border location methods, choosing one method from among 
the plurality of border location methods as a preferred 
method, and determining a location of a border between the 
first color region and the second color region by designating 
one of the plurality of candidate. border locations associated 
with the preferred method as the border. 
0030) Further in accordance with a preferred embodiment 
of the present invention the color image includes an image 
of a patterned article. 
0031 Still further in accordance with a preferred embodi 
ment of the present invention the color image includes a 
color image of an electrical circuit. 
0032. Additionally in accordance with a preferred 
embodiment of the present invention the color image 
includes a color image of a lead frame. 
0033 Moreover in accordance with a preferred embodi 
ment of the present invention the preferred border location 
method is chosen based on a rule for choosing a preferred 
border location method for a predetermined combination of 
color populations. 
0034) Further in accordance with a preferred embodiment 
of the present invention the preferred border location 
method is chosen based on comparison of the border loca 
tion result from applying at least two border location meth 
ods. 

0035. There is also provided in accordance with another 
preferred embodiment of the present invention a method for 
determining a location of a border in a color image, the 
image including at least two color populations, between a 
first color region associated with a first one of the two color 
populations and a second color region associated with a 
second one of the two color populations, both the first color 
region and the second color region being included in the 
color image, the method including providing a border analy 
sis map including, for each distinct pair of color populations, 
an indication of a, preferred method for identifying the 
location of a border between the color populations, identi 
fying an approximate border location between the first color 
region and the second color region, and determining a 
location of a border between the first color region and the 
second color region by using the preferred method indicated, 
in the border analysis map, for identifying the location of a 
border between the first color population and the second 
color population. 
0036 Further in accordance with a preferred embodiment 
of the present invention the color image includes an image 
of a patterned article. 
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0037 Still further in accordance with a preferred embodi 
ment of the present invention the color image includes a 
color image of an electrical circuit. 
0038. Additionally in accordance with a preferred 
embodiment of the present invention the color image 
includes a color image of a lead frame. 
0.039 Moreover in accordance with a preferred embodi 
ment of the present invention the electrical circuit includes 
a printed circuit board. 

0040. Further in accordance with a preferred embodiment 
of the present invention the color image includes a color 
image of an object, and each color population is associated 
with one material of a plurality of available materials 
0041) Still further in accordance with a preferred embodi 
ment of the present invention the color image also includes 
a third color region associated with a third color population, 
and the identifying step includes, for each two color regions 
among the first color region, the second color region, and the 
third color region which border each other, identifying an 
approximate border location between the two color regions, 
and the determining step includes, for each the two color 
regions, determining a location of a border between the two 
color regions by using the preferred method indicated, in the 
border analysis map, for identifying the location of a border 
between the two color populations associated with the two 
color regions. 

0.042 Additionally in accordance with a preferred 
embodiment of the present invention the method also 
includes defining a window having a window size, exam 
ining a portion of the color image falling within the window 
to determine the number of distinct color regions at least a 
part of which are included in the portion, and if the number 
of distinct color regions is greater than two, classifying all 
borders within the window as belonging to a junction and 
determining a location of each border within the window 
using a preferred method for determining the location of a 
border belonging to a junction. 

0.043 Moreover in accordance with a preferred embodi 
ment of the present invention the preferred method for 
determining the location of a border belonging to a junction 
includes a high-water-mark method. 

0044) Further in accordance with a preferred embodiment 
of the present invention the color image is represented using 
a color image representation method having a plurality of 
color defining characteristics, and each preferred method is 
selected from a plurality of available methods, and the 
plurality of available methods includes, for each color 
defining characteristic within the plurality of color defining 
characteristics, a method including performing an edge 
locating method in a component of the color image associ 
ated with the color defining characteristic. 

0045 Still further in accordance with a preferred embodi 
ment of the present invention the performing an edge 
locating method in a component includes performing a 
Sub-pixel contour-element locating method. 

0046 Additionally in accordance with a preferred 
embodiment of the present invention the performing an edge 
locating method only in a component includes performing a 
high-water-mark method. 
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0047 Moreover in accordance with a preferred embodi 
ment of the present invention the color image representation 
method includes an RGB method and the plurality of color 
defining characteristics includes an R component, a G com 
ponent, and a B component. 
0048. Further in accordance with a preferred embodiment 
of the present invention the color image representation 
method includes an HSI method and the plurality of color 
defining characteristics includes an H component, and S 
component, and an I component. 
0049. There is also provided in accordance with another 
preferred embodiment of the present invention a method for 
producing a color morphology map from a color image, the 
method including providing a color image, reducing the 
color image to produce a reduced image including a plurality 
of color populations, determining borders between adjacent 
ones of the plurality of color populations in the reduced 
image, segmenting the reduced image to produce a binary 
image including borders and at least one non-border region, 
producing a skeleton image of the at least one non-border 
region, the skeleton image including a plurality of portions, 
and assigning to each portion of the skeleton a color identity 
corresponding to one of the color populations. 
0050. Further in accordance with a preferred embodiment 
of the present invention the assigning step includes assign 
ing a color population as a function of the spatial location of 
a portion of the skeleton relative to the color population. 
0051 Still further in accordance with a preferred embodi 
ment of the present invention the assigning step further 
includes Superimposing the skeleton image on the reduced 
image. 
0052 Additionally in accordance with a preferred 
embodiment of the present invention the color image 
includes a 24 bit color image. 
0053 Moreover in accordance with a preferred embodi 
ment of the present invention the reduced image includes a 
3 bit image, and the plurality of color populations includes 
at most 8 color populations. 
0054 Further in accordance with a preferred embodiment 
of the present invention the determining step includes deter 
mining borders to an accuracy of one pixel. 
0.055 Still further in accordance with a preferred embodi 
ment of the present invention the method also includes 
identifying the presence of at least one morphological fea 
ture based, at least in part, on a result of the method. 
0056. Additionally in accordance with a preferred 
embodiment of the present invention the color image 
includes an image of an patterned article. 
0057 Moreover in accordance with a preferred embodi 
ment of the present invention the patterned article includes 
an electrical circuit. 

0058. There is also provided in accordance with another 
preferred embodiment of the present invention a method for 
determining color contour elements (cels) in a color image, 
the method including providing a color image, reducing the 
color image to produce a reduced image including a plurality 
of color populations, determining borders between adjacent 
ones of the plurality of color populations, the borders 
including a plurality of border segments each border seg 
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ment being Surrounded by two color populations, and for 
each border segment, assigning a value to the border seg 
ment based, at least in part, on the two color populations 
Surrounding the border segment. 
0059 Further in accordance with a preferred embodiment 
of the present invention the color image includes a 24 bit 
color image. 
0060 Still further in accordance with a preferred embodi 
ment of the present invention the reduced image includes a 
3 bit image. 
0061 Additionally in accordance with a preferred 
embodiment of the present invention the determining step 
includes determining borders to an accuracy of one pixel. 
0062 Moreover in accordance with a preferred embodi 
ment of the present invention the determining step includes 
determining borders to an accuracy of less than one pixel. 
0063. Further in accordance with a preferred embodiment 
of the present invention each border segment has a first side 
and a second side, and the assigning step includes assigning 
a value based, at least in part, on the color population on the 
first side of the border segment and on the color population 
on the second side of the border segment. 
0064. Still further in accordance with a preferred embodi 
ment of the present invention the color image includes an 
image of an patterned article. 
0065. Additionally in accordance with a preferred 
embodiment of the present invention the patterned article 
includes an electrical circuit. 

0.066 There is also provided in accordance with another 
preferred embodiment of the present invention a method for 
identifying irregularities in a smooth curve in an image, the 
method including identifying an ordered plurality of points 
along the smooth curve, each of the ordered plurality of 
points having at least one neighboring point in the ordered 
plurality of points, determining a normal direction to the 
smooth curve at each of the ordered plurality of points, and 
identifying a point of the ordered plurality of points as being 
part of an irregularity based, at least in part, on a local 
normal difference including a difference between the normal 
direction to the Smooth curve at the point and a normal 
direction to the Smooth curve at the at least one neighboring 
point of the point. 
0067 Further in accordance with a preferred embodiment 
of the present invention the image includes an image of a 
patterned article. 
0068. Still further in accordance with a preferred embodi 
ment of the present invention the image includes an image 
of an electrical circuit. 

0069. Additionally in accordance with a preferred 
embodiment of the present invention the local normal dif 
ference includes a difference in direction of more than a 
predetermined angle. 
0070 Moreover in accordance with a preferred embodi 
ment of the present invention the predetermined angle 
includes an angle of approximately 22 degrees. 
0071. Further in accordance with a preferred embodiment 
of the present invention the image includes a multiplicity of 
pixels and each of the ordered plurality of points is associ 
ated with one pixel. 
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0072 Still further in accordance with a preferred embodi 
ment of the present invention each pixel included in the 
smooth curve is associated with one of the ordered plurality 
of points. 
0073. Additionally in accordance with a preferred 
embodiment of the present invention only some pixels 
included in the smooth curve are associated with one of the 
ordered plurality of points. 
0074 Moreover in accordance with a preferred embodi 
ment of the present invention the Some pixels are chosen So 
that a fixed number of pixels not associated with one of the 
ordered plurality of points falls between each one of the 
ordered plurality of points and each the at least one neighbor 
of each one of the ordered plurality of points. 
0075) Further in accordance with a preferred embodiment 
of the present invention the method also includes determin 
ing a feature depth and feature aperture for the irregularity, 
and classifying the feature based, at least in part, on a result 
of the determining step. 
0076 Still further in accordance with a preferred embodi 
ment of the present invention the classifying includes clas 
Sifying into one of a predetermined set of categories includ 
ing at least one of the following categories: a nick, a 
protrusion, and a contour. 
0077. Additionally in accordance with a preferred 
embodiment of the present invention the method includes a 
method for detecting an irregularity in an electrical circuit, 
the method including identifying an irregularity in a smooth 
curve representing a border between two materials in an 
image of the electrical circuit in accordance with the 
method. 

0078. There is also provided in accordance with another 
preferred embodiment of the present invention a method for 
classifying an irregularity in an image of an object, the 
method including determining a feature depth and feature 
aperture for the irregularity, and classifying the feature 
based, at least in part, on a result of the determining step. 
0079. Further in accordance with a preferred embodiment 
of the present invention the object includes an electrical 
circuit. 

0080 Still further in accordance with a preferred embodi 
ment of the present invention the classifying includes clas 
Sifying into one of a predetermined set of categories includ 
ing at least one of the following categories: a nick, a 
protrusion, and a contour. 
0081. There is also provided in accordance with another 
preferred embodiment of the present invention a method for 
identifying a defect in a portion of an image of an object, the 
portion being close to a location in the image identified as an 
edge, the method including identifying an excluded direc 
tion associated with the edge, and searching for defects, 
close to the location identified as an edge, in a plurality of 
directions not including the excluded direction. 
0082 Further in accordance with a preferred embodiment 
of the present invention the object includes an electrical 
circuit. 

0083 Still further in accordance with a preferred embodi 
ment of the present invention the excluded direction 
includes a direction perpendicular to the edge. 
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0084. Additionally in accordance with a preferred 
embodiment of the present invention the defect includes a 
scratch. 

0085 Moreover in accordance with a preferred embodi 
ment of the present invention the defect includes a stain. 
0.086 There is also provided in accordance with another 
preferred embodiment of the present invention a method for 
identifying a Surface defect in an image of an object, the 
image including a multiplicity of pixels, the method includ 
ing choosing a region in which a surface defect is to be 
identified, Subsampling the region thereby producing a Sub 
sampled image of the region, analyzing the Subsampled 
image and identifying therefrom a Surface defect in the 
region. 

0087 Further in accordance with a preferred embodiment 
of the present invention the image includes a color image of 
an electrical circuit. 

0088 Still further in accordance with a preferred embodi 
ment of the present invention the Subsampling includes 
Subsampling non-adjacent pixels. 

0089 Additionally in accordance with a preferred 
embodiment of the present invention separation of non 
adjacent pixels respective of adjacent pixels includes a 
Subsampling ratio. 

0090 Moreover in accordance with a preferred embodi 
ment of the present invention the subsampling ratio is 
between approximately 113 and approximately 149. 

0091. Further in accordance with a preferred embodiment 
of the present invention the Subsampling includes Subsam 
pling in accordance with an approximate average distance 
between subsampled pixels. 

0092 Still further in accordance with a preferred embodi 
ment of the present invention the approximate average 
distance between Subsampled pixels is between approxi 
mately 5 pixels and approximately 11 pixels. 

0093. Additionally in accordance with a preferred 
embodiment of the present invention the Subsampling step 
includes Subsampling a portion of the region, and the 
Subsampling step is performed a plurality of times using a 
plurality of portions of the region. 

0094) Moreover in accordance with a preferred embodi 
ment of the present invention at least two of the plurality of 
portions of the region include partially overlapping portions 
of the region. 

0.095 There is also provided in accordance with another 
preferred embodiment of the present invention a method for 
applying an image processing operator to a pixel in an array 
of pixels to produce a value, the method including providing 
an nxn spread of a central pixel, if the central pixel includes 
an edge pixel, assigning the value 0 to a result, if the central 
pixel does not include an edge pixel, performing the fol 
lowing steps for each one pixel in the nxin spread if the one 
pixel is not an edge pixel, choosing the one pixel as a chosen 
pixel, if the one pixel is an edge pixel and a mirror image of 
the one pixel within the nxin spread is not an edge pixel, 
choosing the mirror image as the chosen pixel, otherwise 
choosing the central pixel as the chosen pixel, and adding to 
the sum a product of the value of the chosen pixel and the 
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result of applying a Gaussian operator to the central pixel, 
and dividing the Sum by the square of (n+1) to produce a 
result. 

0096. Further in accordance with a preferred embodiment 
of the present invention n is equal to 3. 
0097. There is also provided in accordance with another 
preferred embodiment of the present invention a method for 
computing a gradient with a convoluted operator including 
providing an image processing operator in the form of an 
nXn array of values, wherein n is an odd integer and the 
central value of the nXn array may take on either a positive 
value or a negative value, applying the image processing 
operator with the central value having a positive value to 
produce a first intermediate result, applying the image 
processing operator with the central value having a negative 
value to produce a second intermediate result, and Summing 
the first intermediate result and the second intermediate 
result to produce a final result. 
0098. Further in accordance with a preferred embodiment 
of the present invention the method also includes comparing 
the arithmetic sign of the first intermediate result and the 
arithmetic sign of the second intermediate result, and deter 
mining the presence of a local extremum based on a result 
of the comparing step. 
0099 Still further in accordance with a preferred embodi 
ment of the present invention the determining includes 
determining with less than complete certainty. 
0.100 Additionally in accordance with a preferred 
embodiment of the present invention n is equal to 5. 
0101 There is also provided in accordance with another 
preferred embodiment of the present invention an automated 
optical inspection device Suitable for inspection of patterned 
articles including at least one detector providing a polychro 
matic image output of at least a portion of a patterned article 
having a plurality of elements, and processing circuitry 
receiving the polychromatic image output and providing at 
least one of the following inspection functionalities inspec 
tion of a metal coating on at least one of the elements in the 
plurality of elements, and inspection of an at least partially 
transparent coating on at least one element in the plurality of 
elements. 

0102) There is also provided in accordance with still 
another preferred embodiment of the present invention an 
automated optical inspection device Suitable for inspection 
of patterned articles including at least one detector providing 
a polychromatic image output of at least a portion of a 
patterned article including a plurality of elements, and 
processing circuitry receiving the polychromatic image out 
put and providing the following inspection functionalities: 
inspection of a metal coating on at least one element in the 
plurality of elements, and inspection of an at least partially 
transparent coating on at least one element in the plurality of 
elements. 

0103). Further in accordance with a preferred embodiment 
of the present invention the processing circuitry receiving 
the polychromatic image output provides the following 
additional inspection functionality: detection of residues on 
a surface of the patterned article. 
0.104 Still further in accordance with a preferred embodi 
ment of the present invention the processing circuitry receiv 
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ing the polychromatic image output provides the following 
additional inspection functionality: detection of residues on 
a surface of the patterned article. 
0105 Additionally in accordance with a preferred 
embodiment of the present invention the functionality of 
inspection of a metal coating on at least one of the elements 
in the plurality of elements includes at least one of the 
following inspection modalities: detection of voids in the 
metal coating, detection of Surface irregularities in the metal 
coating, detection of Scratches in the metal coating, detec 
tion of the presence of foreign materials on the metal 
coating, detection of stains on the metal coating, detection of 
oxidation of the metal coating, and detection of the shape of 
the metal coating. 

0106 Moreover in accordance with a preferred embodi 
ment of the present invention the functionality of inspection 
of a metal coating on at least one of the elements in the 
plurality of elements includes at least one of the following 
inspection modalities: detection of Voids in the metal coat 
ing, detection of Surface irregularities in the metal coating, 
detection of Scratches in the metal coating, detection of the 
presence of foreign materials on the metal coating, detection 
of stains on the metal coating, detection of oxidation of the 
metal coating, and detection of the shape of the metal 
coating. 

0107 Further in accordance with a preferred embodiment 
of the present invention the functionality of inspection of an 
at least partially transparent coating on at least one of the 
elements in the plurality of elements includes at least one of 
the following inspection modalities: detection of voids in the 
at least partially transparent coating, detection of Surface 
irregularities in the at least partially transparent coating, 
detection of scratches in the at least partially transparent 
coating, detection of the presence of foreign materials on the 
at least partially transparent coating, detection of stains on 
the at least partially transparent coating, and detection of the 
shape of the at least partially transparent coating. 

0108 Still further in accordance with a preferred embodi 
ment of the present invention the functionality of inspection 
of an at least partially transparent coating on at least one of 
the elements in the plurality of elements includes at least one 
of the following inspection modalities: detection of voids in 
the at least partially transparent coating, detection of Surface 
irregularities in the at least partially transparent coating, 
detection of scratches in the at least partially transparent 
coating, detection of the presence of foreign materials on the 
at least partially transparent coating, detection of stains on 
the at least partially transparent coating, and detection of the 
shape of the at least partially transparent coating. 

0109 Additionally in accordance with a preferred 
embodiment of the present invention the functionality of 
detection of residues on a surface of the patterned article 
includes at least one of the following detection modalities: 
detection of Surface irregularities on a Surface of the pat 
terned article, detection of the presence of foreign materials 
on a Surface of the patterned article, detection of stains on a 
surface of the patterned article, and detection of the shape of 
marks on a Surface of the patterned article. 
0110 Moreover in accordance with a preferred embodi 
ment of the present invention the functionality of detection 
of residues on a surface of the patterned article includes at 
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least one of the following detection modalities: detection of 
Surface irregularities on a surface of the patterned article, 
detection of the presence of foreign materials on a Surface of 
the patterned article, detection of stains on a Surface of the 
patterned article, and detection of the shape of marks on a 
surface of the patterned article. 
0.111 Further in accordance with a preferred embodiment 
of the present invention the patterned article includes an 
electrical circuit. 

0112 Still further in accordance with a preferred embodi 
ment of the present invention the elements include conduc 
tors in the electrical circuit. 

0113 Additionally in accordance with a preferred 
embodiment of the present invention the electrical circuit 
includes a printed circuit board. 
0114 Moreover in accordance with a preferred embodi 
ment of the present invention the electrical circuit includes 
a ball grid array Substrate. 
0115 Further in accordance with a preferred embodiment 
of the present invention the patterned article comprises a 
lead frame. 

0.116) Still further in accordance with a preferred embodi 
ment of the present invention the metal coating includes a 
metal plating. 
0117. Additionally in accordance with a preferred 
embodiment of the present invention the elements include 
balls in the ball grid array substrate. 
0118 Moreover in accordance with a preferred embodi 
ment of the present invention the patterned article includes 
an etched metal Substrate. 

0119 Further in accordance with a preferred embodiment 
of the present invention the patterned article includes an 
engraved metal Substrate. 
0.120. There is also provided in accordance with another 
preferred embodiment of the present invention an automated 
optical inspection device Suitable for inspection of an article 
and including at least one detector providing a polychro 
matic image output of at least a portion of an article, and 
processing circuitry receiving the polychromatic image out 
put and providing edge detection to Sub-pixel accuracy 
operative to distinguish borders among regions of different 
color. 

0121 Further in accordance with a preferred embodiment 
of the present invention the processing circuitry is operative 
to distinguish a border between a first color region associ 
ated with a first color population and a second color region 
associated with a second color population by identifying an 
approximate border location between the first color region 
and the second color region and determining a location of a 
border between the first color region and the second color 
region by using a preferred method for identifying the 
location of a border between the first color population and 
the second color population. 
0.122 Still further in accordance with a preferred embodi 
ment of the present invention the polychromatic image 
output includes a color image represented using a color 
image representation method having a plurality of color 
defining characteristics, and each preferred method is 
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selected from a plurality of available methods, and the 
plurality of available methods includes, for each color 
defining characteristic within the plurality of color defining 
characteristics, a method including performing an edge 
locating method in a component of the color image associ 
ated with the color defining characteristic. 
0123. Additionally in accordance with a preferred 
embodiment of the present invention the edge locating 
method includes a Sub-pixel contour-element locating 
method. 

0.124. There is also provided in accordance with another 
preferred embodiment of the present invention an automated 
optical inspection device Suitable for inspection of an article 
and including at least one detector providing an image 
output of at least a portion of an article having at least three 
different regions, each of which regions is distinguished at 
least by an optical characteristic detectable by the detector, 
and processing circuitry receiving the image output and 
providing edge detection to Sub-pixel accuracy operative to 
distinguish borders of at least two of the at least three 
different regions. 
0125 Further in accordance with a preferred embodiment 
of the present invention the processing circuitry receives the 
image output and provides edge detection to Sub-pixel 
accuracy operative to distinguish borders of the at least three 
different regions. 
0126 Still further in accordance with a preferred embodi 
ment of the present invention the processing circuitry pro 
vides mapping based at least partially on the image output 
which identifies materials in each of the different regions 
having a common border. 

0127. There is also provided in accordance with another 
preferred embodiment of the present invention an automated 
optical inspection device Suitable for inspection of an article 
and including at least one detector providing an image 
output of at least a portion of an article, and processing 
circuitry receiving the image output and providing mapping 
based at least partially on the image output which identifies 
materials in each of different regions of the at least a portion 
of the article having a common border. 
0128. Further in accordance with a preferred embodiment 
of the present invention the processing circuitry is operative 
to Sub-pixel accuracy. 

0129. There is also provided in accordance with another 
preferred embodiment of the present invention an automated 
optical inspection device Suitable for inspection of an article 
including at least one detector providing a polychromatic 
image output of at least a portion of an article, processing 
circuitry receiving the polychromatic image output and 
providing at least one of the following inspection function 
alities segmentation of the polychromatic image into a 
segmented color image including a plurality of color regions 
each having one of a plurality of representative color pos 
sibilities, binarization of the segmented color image into a 
binary image including regions and borders, morphological 
erosion of the regions to provide a skeleton representing the 
regions, and assignment of color regions to elements in the 
skeleton. 

0130. Further in accordance with a preferred embodiment 
of the present invention the processing circuitry is operative 
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to Superimpose the skeleton and the segmented color image, 
and to assign data representative of regions to elements in 
the skeleton as a function of the Superimposition. 

0131 Still further in accordance with a preferred embodi 
ment of the present invention the processing circuitry is 
operative to assign data representative of regions to elements 
in the skeleton the Superimposed location of an element of 
the skeleton in a color region. 

0.132. There is also provided in accordance with another 
preferred embodiment of the present invention an automated 
optical inspection device Suitable for inspection of an article 
including at least one detector providing a polychromatic 
image output of at least a portion of an article, and process 
ing circuitry receiving the polychromatic image output and 
operative to segment the polychromatic image into plurality 
of color regions chosen from among a predefined number of 
color region possibilities, and to generate a representation of 
the polychromatic image including color region data repre 
senting each color region in the image, and border data for 
representing each border among color regions. 

0.133 There is also provided in accordance with still 
another preferred embodiment of the present invention a 
color image representing a patterned article, the color image 
including a morphologically eroded polychromatic image of 
the patterned article. 

0.134) Further in accordance with a preferred embodiment 
of the present invention colors of portions of the morpho 
logically eroded polychromatic image indicate materials at 
various regions of the patterned article. 

0.135 Still further in accordance with a preferred embodi 
ment of the present invention the patterned article includes 
an electrical circuit. 

0.136 Additionally in accordance with a preferred 
embodiment of the present invention the elements include 
conductors in the electrical circuit. 

0.137 Moreover in accordance with a preferred embodi 
ment of the present invention the electrical circuit includes 
a printed circuit board. 

0.138 Further in accordance with a preferred embodiment 
of the present invention the electrical circuit includes a ball 
grid array Substrate. 

0.139 Still further in accordance with a preferred embodi 
ment of the present invention the patterned article includes 
a lead frame. 

0140. Additionally in accordance with a preferred 
embodiment of the present invention the metal coating 
includes a metal plating. 

0.141 Moreover in accordance with a preferred embodi 
ment of the present invention the elements include balls in 
the ball grid array substrate. 

0.142 Further in accordance with a preferred embodiment 
of the present invention the patterned article includes an 
etched metal substrate. 

0.143 Still further in accordance with a preferred embodi 
ment of the present invention the patterned article includes 
an engraved metal Substrate. 
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0144. There is also provided in accordance with another 
preferred embodiment of the present invention an automated 
optical inspection device Suitable for inspection of an article 
including at least one detector providing a polychromatic 
image output of at least a portion of an article, and process 
ing circuitry receiving the polychromatic image output and 
providing a color image representing the article, the color 
image including a morphologically eroded polychromatic 
image of at least part of the article. 
0145) Further in accordance with a preferred embodiment 
of the present invention colors of portions of the morpho 
logically eroded polychromatic image indicate materials at 
various regions of the article. 
0146 There is also provided in accordance with another 
preferred embodiment of the present invention a color image 
representing a patterned article, the color image including a 
map which indicates borders between different regions of an 
article and identifies materials in each of the different 
regions having a common border. 
0147 Further in accordance with a preferred embodiment 
of the present invention colors of portions of the map 
indicate materials at the different regions. 
0148 Still further in accordance with a preferred embodi 
ment of the present invention each color includes one color 
from a predetermined possibility of colors. 
0149 Additionally in accordance with a preferred 
embodiment of the present invention the patterned article 
includes an electrical circuit. 

0150 Moreover in accordance with a preferred embodi 
ment of the present invention the elements include conduc 
tors in the electrical circuit. 

0151. Further in accordance with a preferred embodiment 
of the present invention the electrical circuit includes a 
printed circuit board. 
0152 Still further in accordance with a preferred embodi 
ment of the present invention the electrical circuit includes 
a ball grid array Substrate. 
0153. Additionally in accordance with a preferred 
embodiment of the present invention the patterned article 
includes a lead frame. 

0154 Moreover in accordance with a preferred embodi 
ment of the present invention the metal coating includes a 
metal plating. 

0155. Further in accordance with a preferred embodiment 
of the present invention the elements include balls in the ball 
grid array Substrate. 
0156 Still further in accordance with a preferred embodi 
ment of the present invention the patterned article includes 
an etched metal Substrate. 

0157 Additionally in accordance with a preferred 
embodiment of the present invention the patterned article 
includes an engraved metal Substrate. 
0158. There is also provided in accordance with another 
preferred embodiment of the present invention an automated 
optical inspection device Suitable for inspection of an article 
including at least one detector providing a polychromatic 
image output of at least a portion of an article, and process 
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ing circuitry receiving the polychromatic image output and 
providing a color image representing the article, the color 
image including a map which indicates borders between 
different regions of an article and identifies materials in each 
of the different regions having a common border. 
0159 Further in accordance with a preferred embodiment 
of the present invention colors of portions of the map 
indicate materials at various regions of the article. 
0.160 Still further in accordance with a preferred embodi 
ment of the present invention the processing circuitry 
receives the image output and provides border indication to 
Sub-pixel accuracy. 

0.161 Additionally in accordance with a preferred 
embodiment of the present invention each color includes a 
color chosen from among a predetermined possibility of 
colors. 

0162 Moreover in accordance with a preferred embodi 
ment of the present invention the patterned article includes 
an electrical circuit. 

0163. Further in accordance with a preferred embodiment 
of the present invention the electrical circuit includes a 
printed circuit board. 
0164. Still further in accordance with a preferred embodi 
ment of the present invention the electrical circuit includes 
a ball grid array Substrate. 
0.165 Additionally in accordance with a preferred 
embodiment of the present invention the patterned article 
includes a lead frame. 

0166 Moreover in accordance with a preferred embodi 
ment of the present invention the different materials include 
different metals. 

0.167 Further in accordance with a preferred embodiment 
of the present invention the different regions include 
uncoated metal conductors, coated metal conductors, 
uncoated Substrate, and coated Substrate. 

0168 Still further in accordance with a preferred embodi 
ment of the present invention the patterned article includes 
an etched metal Substrate. 

0169. Additionally in accordance with a preferred 
embodiment of the present invention the patterned article 
includes an engraved metal Substrate. 
0170 There is also provided in accordance with another 
preferred embodiment of the present invention an automated 
optical inspection device Suitable for inspection of a pat 
terned article including at least one detector providing an 
image output of at least a portion of a patterned article 
including at least three materials having detectable edges, 
and processing circuitry receiving the image output and 
providing an inspection functionality including binarization 
of the image output to provide a binary image including 
region image data and border image data. 
0171 Further in accordance with a preferred embodiment 
of the present invention the patterned article includes an 
electrical circuit. 

0172 Still further in accordance with a preferred embodi 
ment of the present invention the electrical circuit includes 
a printed circuit board. 
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0173 Additionally in accordance with a preferred 
embodiment of the present invention the printed circuit 
board includes a ball grid array substrate. 
0174 Moreover in accordance with a preferred embodi 
ment of the present invention the patterned article includes 
a lead frame. 

0175. Further in accordance with a preferred embodiment 
of the present invention the patterned article includes an 
etched metal substrate. 

0176 Still further in accordance with a preferred embodi 
ment of the present invention the patterned article includes 
an engraved metal Substrate. 
0177. There is also provided in accordance with another 
preferred embodiment of the present invention an automated 
optical inspection device Suitable for inspection of a pat 
terned article including at least one detector providing an 
image output of at least a portion of a patterned article 
including a plurality of materials having detectable borders 
between the plurality of materials, and processing circuitry 
receiving the image output and providing an inspection 
functionality including pattern analysis of image data relat 
ing to the borders to provide an indication of the presence of 
nicks and protrusions along the borders. 
0178. Further in accordance with a preferred embodiment 
of the present invention the patterned article includes an 
electrical circuit. 

0179 Still further in accordance with a preferred embodi 
ment of the present invention the patterned article includes 
a printed circuit board. 
0180 Additionally in accordance with a preferred 
embodiment of the present invention the printed circuit 
board includes a ball grid array substrate. 
0181 Moreover in accordance with a preferred embodi 
ment of the present invention the patterned article includes 
a lead frame. 

0182 Further in accordance with a preferred embodiment 
of the present invention the plurality of materials includes at 
least three materials. 

0183 Still further in accordance with a preferred embodi 
ment of the present invention the materials include materials 
from the following group uncoated metal conductors, coated 
material conductors, uncoated Substrate, coated Substrate. 
0184 Additionally in accordance with a preferred 
embodiment of the present invention the patterned article 
includes an etched metal Substrate. 

0185. Moreover in accordance with a preferred embodi 
ment of the present invention the patterned article includes 
an engraved metal Substrate. 
0186. Further in accordance with a preferred embodiment 
of the present invention wherein the inspection functionality 
including pattern analysis includes identifying an ordered 
plurality of points along a border defined by the image data 
relating to the borders, each of the ordered plurality of points 
having at least one neighboring point in the ordered plurality 
of points, determining a normal direction to the Smooth 
curve at each of the ordered plurality of points, and identi 
fying a point of the ordered plurality of points as being part 
of an irregularity including one of a nick and a protrusion 
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based, at least in part, on a local normal difference including 
a difference between the normal direction to the smooth 
curve at the point and a normal direction to the Smooth curve 
at the at least one neighboring point of the point. 
0187. There is also provided in accordance with another 
preferred embodiment of the present invention an automated 
optical inspection device Suitable for inspection of an article 
including at least one detector providing an image output of 
at least a portion of an article including multiple materials 
having detectable borders between the materials, and pro 
cessing circuitry receiving the image output and providing at 
least one of the following inspection functionalities: seg 
mentation of the image output into a segmented image 
including region image data and border image data, analysis 
of the region image data using a first technique, and analysis 
of the border image data using a second technique, different 
from the first technique. 
0188 Further in accordance with a preferred embodiment 
of the present invention the article includes an electrical 
circuit. 

0189 Still further in accordance with a preferred embodi 
ment of the present invention the first technique includes 
neighborhood analysis and the second technique includes 
border following analysis for differentiating border-near 
pixels from non-border-near pixels. 
0190. There is also provided in accordance with another 
preferred embodiment of the present invention an automated 
optical inspection device Suitable for inspection of an article 
including at least one detector providing a polychromatic 
image output of at least a portion of an article including 
multiple materials having detectable borders between the 
materials, and processing circuitry receiving the polychro 
matic image output and providing at least one of the fol 
lowing inspection functionalities: segmentation of the poly 
chromatic image output into a segmented color image 
including color regions chosen from among a set of prede 
termined colors, analysis of the region image data relating to 
a first color using a first technique, and analysis of the region 
image data relating to a second color using a second tech 
nique, different from the first technique. 
0191) Further in accordance with a preferred embodiment 
of the present invention the article includes an electrical 
circuit. 

0.192 Still further in accordance with a preferred embodi 
ment of the present invention the electrical circuit includes 
a printed circuit board. 
0193 Additionally in accordance with a preferred 
embodiment of the present invention the printed circuit 
board includes a ball grid array substrate. 
0194 Moreover in accordance with a preferred embodi 
ment of the present invention the article includes a lead 
frame. 

0.195 There is also provided in accordance with another 
preferred embodiment of the present invention an automated 
optical inspection device Suitable for inspection of an article 
including at least one detector providing an image output of 
at least a portion of an article including multiple materials 
having detectable borders between the materials, and pro 
cessing circuitry receiving the image output and providing at 
least one of the following inspection functionalities: seg 
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mentation of the image output into a segmented image 
including region image data and border image data, and 
Smoothing the region image data in a manner not influenced 
by at least some of the border image data. 

0196. Further in accordance with a preferred embodiment 
of the present invention the article includes an electrical 
circuit. 

0197) Still further in accordance with a preferred embodi 
ment of the present invention the electrical circuit includes 
a printed circuit board. 
0198 Additionally in accordance with a preferred 
embodiment of the present invention the printed circuit 
board includes a ball grid array substrate. 

0199 Moreover in accordance with a preferred embodi 
ment of the present invention the article includes a lead 
frame. 

0200. There is also provided in accordance with another 
preferred embodiment of the present invention an automated 
optical inspection device Suitable for inspection of an elec 
trical circuit including at least one detector providing an 
image output of at least a portion of an electrical circuit 
including multiple materials, and processing circuitry 
receiving the image output and providing an output indica 
tion of the presence of at least one predetermined material. 

0201 Further in accordance with a preferred embodiment 
of the present invention the electrical circuit includes a 
printed circuit board. 

0202 Still further in accordance with a preferred embodi 
ment of the present invention the printed circuit board 
includes a ball grid array Substrate. 

0203 Additionally in accordance with a preferred 
embodiment of the present invention the electrical circuit 
includes a flat panel display Substrate. 

0204 Moreover in accordance with a preferred embodi 
ment of the present invention the processing circuitry pro 
vides an output indication of the presence of at least two 
materials out of a group of at least three predetermined 
materials. 

0205 Further in accordance with a preferred embodiment 
of the present invention the processing circuitry provides an 
output indication of the presence of at least three predeter 
mined materials. 

0206 Still further in accordance with a preferred embodi 
ment of the present invention the processing circuitry pro 
vides an output indication of the presence of copper. 

0207 Additionally in accordance with a preferred 
embodiment of the present invention the processing circuitry 
provides an output indication of the presence of gold. 

0208 Moreover in accordance with a preferred embodi 
ment of the present invention the processing circuitry pro 
vides an output indication of the presence of a solder mask 
material. 

0209 Further in accordance with a preferred embodiment 
of the present invention the processing circuitry provides an 
output indication of the presence of silver. 
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0210 Still further in accordance with a preferred embodi 
ment of the present invention the processing circuitry pro 
vides an output indication of the presence of photoresist 
residue. 

0211 Additionally in accordance with a preferred 
embodiment of the present invention the processing circuitry 
provides an output indication of the presence of oxidized 
metal. 

0212 Moreover in accordance with a preferred embodi 
ment of the present invention the image output represents a 
portion of the electrical circuit as viewed through a trans 
lucent overlay. 

0213 There is also provided in accordance with another 
preferred embodiment of the present invention an automated 
optical inspection device Suitable for inspection of a pat 
terned article including at least one detector providing an 
image output of at least a portion of a patterned article 
through a translucent overlay at least partially covering the 
patterned article, and processing circuitry receiving the 
image output and providing an output indication which is 
independent of the translucent overlay. 

0214) Further in accordance with a preferred embodiment 
of the present invention the patterned article includes an 
electrical circuit. 

0215 Still further in accordance with a preferred embodi 
ment of the present invention the electrical circuit includes 
a printed circuit board. 

0216 Additionally in accordance with a preferred 
embodiment of the present invention the printed circuit 
board includes a ball grid array substrate. 

0217 Moreover in accordance with a preferred embodi 
ment of the present invention the processing circuitry is 
operative to provide an indication of parts of the pattern 
covered by the translucent overlay and parts of the pattern 
not covered by the translucent overlay. 

0218. There is also provided in accordance with another 
preferred embodiment of the present invention apparatus for 
determining a location of a border in a color image, the 
image including at least two color populations, between a 
first color region associated with a first one of the two color 
populations and a second color region associated with a 
second one of the two color populations, both the first color 
region and the second color region being included in the 
color image, the apparatus including a border identification 
unit operative to identify an approximate border location 
between the first color region and the second color region, 
a candidate border determination unit operative to determine 
a plurality of candidate border locations between the first 
color region and the second color region, each of the 
plurality of candidate border locations being determined by 
applying a corresponding border location method chosen 
from among a plurality of border location methods, a 
method selector operative to choose one method from 
among the plurality of border location methods as a pre 
ferred method, and a border determination unit operative to 
determine a location of a border between the first color 
region and the second color region by designating one of the 
plurality of candidate border locations associated with the 
preferred method as the border. 
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0219. There is also provided in accordance with still 
another preferred embodiment of the present invention appa 
ratus for determining a location of a border in a color image, 
the image including at least two color populations, between 
a first color region associated with a first one of the two color 
populations and a second color region associated with a 
second one of the two color populations, both the first color 
region and the second color region being included in the 
color image, the apparatus including a border analysis map 
unit operative to provide a border analysis map including, 
for each distinct pair of color populations, an indication of 
a preferred method for identifying the location of a border 
between the color populations, a border identification unit 
operative to identify an approximate border location 
between the first color region and the second color region, 
and a border determination unit operative to determine a 
location of a border between the first color region and the 
second color region by using the preferred method indicated, 
in the border analysis map, for identifying the location of a 
border between the first color population and the second 
color population. 

0220. There is also provided in accordance with yet 
another preferred embodiment of the present invention appa 
ratus for producing a color morphology map from a color 
image, the apparatus including a reducing unit operative to 
reduce the color image to produce a reduced image includ 
ing a plurality of color populations, a border determination 
unit operative to determine borders between adjacent ones of 
the plurality of color populations in the reduced image, a 
segmentation unit operative to segment the reduced image to 
produce a binary image including borders and at least one 
non-border region, a skeleton production unit operative to 
produce a skeleton image of the at least one non-border 
region, the skeleton image including a plurality of portions, 
and an assigning unit operative to assign to each portion of 
the skeleton a color identity corresponding to one of the 
color populations. 

0221) There is also provided in accordance with another 
preferred embodiment of the present invention apparatus for 
identifying irregularities in a smooth curve in an image, the 
apparatus including an identification unit operative to iden 
tify an ordered plurality of points along the Smooth curve, 
each of the ordered plurality of points having at least one 
neighboring point in the ordered plurality of points, a normal 
direction unit operative to determine a normal direction to 
the smooth curve at each of the ordered plurality of points, 
and an irregularity unit operative to identify a point of the 
ordered plurality of points as being part of an irregularity 
based, at least in part, on a local normal difference including 
a difference between the normal direction to the smooth 
curve at the point and a normal direction to the Smooth curve 
at the at least one neighboring point of the point. 

0222. There is also provided in accordance with still 
another preferred embodiment of the present invention appa 
ratus for classifying an irregularity in an image of an object, 
the apparatus including a dimension determination unit 
operative to determine a feature depth and feature aperture 
for the irregularity, and a classification unit operative to 
classify the feature based, at least in part, on an output of the 
dimension determination unit. 

0223 There is also provided in accordance with yet 
another preferred embodiment of the present invention appa 

11 
Jun. 14, 2007 

ratus for identifying a defect in a portion of an image of an 
object, the portion being close to a location in the image 
identified as an edge, the apparatus including an excluded 
direction unit operative to identify an excluded direction 
associated with the edge, and a defects unit operative to 
search for defects, close to the location identified as an edge, 
in a plurality of directions not including the excluded 
direction. 

0224. There is also provided in accordance with another 
preferred embodiment of the present invention apparatus for 
identifying a surface defect in a region of an image of an 
object, the image including a multiplicity of pixels, the 
apparatus including a Subsampling unit operative to Sub 
sample the region in accordance with a subsampling ratio, 
thus producing a Subsampled image of the region, a defect 
identification unit operative to identify a surface defect in 
the Subsampled image, and a correspondence unit operative 
to identify a surface defect in the region corresponding to the 
Surface defect in the Subsampled image. 

0225. There is also provided in accordance with still 
another preferred embodiment of the present invention a 
method for inspection of patterned articles including pro 
viding a polychromatic image output of at least a portion of 
a patterned article having a plurality of elements, and 
receiving the polychromatic image output and providing at 
least one of the following inspection functionalities: inspec 
tion of a metal coating on at least one of the elements in the 
plurality of elements, and inspection of an at least partially 
transparent coating on at least one element in the plurality of 
elements. 

0226. There is also provided in accordance with yet 
another preferred embodiment of the present invention a 
method for inspection of patterned articles including pro 
viding a polychromatic image output of at least a portion of 
a patterned article including a plurality of elements, and 
receiving the polychromatic image output and providing the 
following inspection functionalities inspection of a metal 
coating on at least one element in the plurality of elements, 
and inspection of an at least partially transparent coating on 
at least one element in the plurality of elements. 
0227. There is also provided in accordance with another 
preferred embodiment of the present invention a method for 
inspection of an article including providing a polychromatic 
image output of at least a portion of an article, and receiving 
the polychromatic image output and providing edge detec 
tion to Sub-pixel accuracy operative to distinguish borders 
among regions of different color. 

0228. There is also provided in accordance with still 
another preferred embodiment of the present invention a 
method for inspection of an article including providing an 
image output of at least a portion of an article having at least 
three different regions, each of which regions is distin 
guished at least by an optical characteristic, and receiving 
the image output and providing edge detection to Sub-pixel 
accuracy operative to distinguish borders of at least two of 
the at least three different regions. 
0229. There is also provided in accordance with yet 
another preferred embodiment of the present invention a 
method for inspection of an article including providing an 
image output of at least a portion of an article, and receiving 
the image output and providing mapping based at least 
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partially on the image output which identifies materials in 
each of different regions of the at least a portion of the article 
having a common border. 
0230. There is also provided in accordance with another 
preferred embodiment of the present invention a method for 
inspection of an article including providing a polychromatic 
image output of at least a portion of an article, and receiving 
the polychromatic image output and providing at least one of 
the following inspection functionalities segmentation of the 
polychromatic image into a segmented color image includ 
ing a plurality of color regions each having one of a plurality 
of representative color possibilities, binarization of the seg 
mented color image into a binary image. including regions 
and borders, morphological erosion of the regions to provide 
a skeleton representing the regions, and assignment of color 
regions to elements in the skeleton. 
0231. There is also provided in accordance with still 
another preferred embodiment of the present invention a 
method for inspection of an article including providing a 
polychromatic image output of at least a portion of an 
article, and receiving the polychromatic image output and 
providing a color image representing the article, the color 
image including a morphologically eroded polychromatic 
image of at least part of the article. 
0232 There is also provided in accordance with yet 
another preferred embodiment of the present invention a 
method for inspection of an article including providing a 
polychromatic image output of at least a portion of an 
article, and receiving the polychromatic image output and 
providing a color image representing the article, the color 
image including a map which indicates borders between 
different regions of an article and identifies materials in each 
of the different regions having a common border. 
0233. There is also provided in accordance with another 
preferred embodiment of the present invention a method for 
inspection of a patterned article including providing an 
image output of at least a portion of a patterned article 
including at least three materials having detectable edges, 
and receiving the image output and providing an inspection 
functionality including binarization of the image output to 
provide a binary image including region image data and 
border image data. 
0234. There is also provided in accordance with still 
another preferred embodiment of the present invention a 
method for inspection of a patterned article including pro 
viding an image output of at least a portion of a patterned 
article including a plurality of materials having detectable 
borders between the plurality of materials, and receiving the 
image output and providing an inspection functionality 
including pattern analysis of image data relating to the 
borders to provide an indication of the presence of nicks and 
protrusions along the borders. 

0235. There is also provided in accordance with yet 
another preferred embodiment of the present invention a 
method for inspection of an article including providing an 
image output of at least a portion of an article including 
multiple materials having detectable borders between the 
materials, receiving the image output and providing at least 
one of the following inspection functionalities: segmenta 
tion of the image output into a segmented image including 
region image data and border image data, analysis of the 
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region image data using a first technique, and analysis of the 
border image data using a second technique, different from 
the first technique. 

0236. There is also provided in accordance with another 
preferred embodiment of the present invention a method for 
inspection of an article including providing a polychromatic 
image output of at least a portion of an article including 
multiple materials having detectable borders between the 
materials, and receiving the polychromatic image output and 
providing at least one of the following inspection function 
alities: segmentation of the polychromatic image output into 
a segmented color image including color regions chosen 
from among a set of predetermined colors, analysis of the 
region image data relating to a first color using a first 
technique, and analysis of the region image data relating to 
a second color using a second technique, different from the 
first technique. 

0237) There is also provided in accordance with still 
another preferred embodiment of the present invention a 
method for inspection of an article including providing an 
image output of at least a portion of an article including 
multiple materials having detectable borders between the 
materials, and receiving the image output and providing at 
least one of the following inspection functionalities: seg 
mentation of the image output into a segmented image 
including region image data and border image data, and 
Smoothing the region image data in a manner not influenced 
by at least some of the border image data. 
0238. There is also provided in accordance with yet 
another preferred embodiment of the present invention a 
method for inspection of an electrical circuit including 
providing an image output of at least a portion of an 
electrical circuit including multiple materials, and receiving 
the image output and providing an output indication of the 
presence of at least one predetermined material. 

0239). There is also provided in accordance with another 
preferred embodiment of the present invention a method for 
inspection of a patterned article including providing an 
image output of at least a portion of a patterned article 
through a translucent overlay at least partially covering the 
patterned article, and receiving the image output and pro 
viding an output indication which is independent of the 
translucent overlay. 
0240 There is also provided in accordance with still 
another preferred embodiment of the present invention a 
method for automatically optically inspecting color images 
of objects, including acquiring polychromatic images of an 
object, processing the polychromatic images and outputting 
a report indicating candidate defects and features chosen 
from among a predetermined set of features, and providing 
an image of a region Surrounding each the candidate defect 
and feature. 

0241 There is also provided in accordance with yet 
another preferred embodiment of the present invention appa 
ratus for automatically optically inspecting color images of 
objects, including a sensor operative to acquire polychro 
matic images of an object, an image processor operative to 
process the polychromatic images and output a report indi 
cating candidate defects and features chosen from among a 
predetermined set of features, and to provide an image of a 
region Surrounding each the candidate defect and feature. 
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0242 Further in accordance with a preferred embodiment 
of the present invention the processor includes a binary 
image processor operative to process binary images gener 
ated from the polychromatic image, and a color image 
processor operative to process the polychromatic images. 

0243 Still further in accordance with a preferred embodi 
ment of the present invention the apparatus also includes a 
morphological image processor operative to generate a 
skeleton map from a multicolor image derived from the 
polychromatic image. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0244. The present invention will be understood and 
appreciated more fully from the following detailed descrip 
tion, taken in conjunction with the drawings in which: 
0245 FIG. 1 is a simplified block diagram illustration of 
an image analysis system constructed and operative in 
accordance with a preferred embodiment of the present 
invention; 
0246 FIG. 2 is a simplified block diagram illustration of 
a preferred implementation of the material identification 
subunit 170 and material contours unit 180 of FIG. 1; 
0247 FIG. 3 is a simplified flowchart illustration of a 
preferred method of a portion of the apparatus of FIG. 2; 
0248 FIG. 4 is a simplified flowchart illustration of a 
preferred method of operation of the region expanding unit 
173 of FIG. 2: 
0249 FIGS. 5 and 6 are simplified pictorial illustrations 
of a preferred 5x5 large kernel and a preferred 3x3 corre 
sponding Small kernel, respectively; 
0250 FIG. 7 is a simplified block diagram illustration of 
a preferred implementation of the contourization unit 175 of 
FIG. 2: 

0251 FIG. 8 is a simplified flowchart illustration of a 
preferred method of operation of the best contour selector 
178 of FIG. 7; 
0252 FIGS. 9-11 are simplified pictorial illustrations of 
preferred cel construction and nomenclature, useful in 
understanding the present invention; 
0253 FIG. 12 is a simplified block diagram illustration of 
a preferred implementation of the color surface defects 
subunit 190 of FIG. 1; 

0254 FIG. 13 is a simplified flowchart illustration of a 
preferred method of operation of the color1/color2 creation 
unit 400 of FIG. 12; 
0255 FIG. 14 is a simplified block diagram illustration of 
a preferred implementation of a first portion of the direc 
tional enable images creator 402 of FIG. 12; 
0256 FIG. 15 is a simplified pictorial illustration of an 
image pixel and neighboring virtual cel pixels, useful in 
understanding the operation of the apparatus of FIG. 14; 

0257 FIG. 16 which is a simplified flowchart illustration 
of a preferred method of operation of the okdir map com 
putation unit 416 of FIG. 14; 
0258 FIG. 17 is a simplified flowchart illustration of a, 
preferred implementation of step 418 of FIG. 16; 
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0259 FIG. 18 is a simplified flowchart illustration of a 
preferred implementation of step 419 of FIG. 16; 

0260 FIG. 19 is a simplified pictorial illustration of an 
example of a process of erosion, useful in understanding the 
method of FIG. 18; 

0261 FIG. 20 is a table showing okdir values, corre 
sponding directions of measurement, and a preferred gradi 
ent operator for measuring, useful in understanding the 
method of FIG. 18; 

0262 FIG. 21 is a simplified flowchart illustration of a 
preferred method of operation of a second portion of the 
directional enable images creator 402 of FIG. 12; 
0263 FIG. 22 is a simplified pictorial illustration of a 
preferred choice of predetermined pixels, useful in under 
standing the method of FIG. 21; 
0264 FIG. 23A is a table illustrating preferred heuristics 
for use in step 462 of FIG. 21; 
0265 FIG. 23B is a simplified pictorial illustration show 
ing a naming convention for the 9 pixels of the 3x3 virtual 
spread, useful in understanding FIG. 23A; 

0266 FIG. 24 is a simplified flowchart illustration of a 
preferred method of operation of a portion of the apparatus 
of FIG. 12; 

0267 FIG. 25 is a simplified flowchart illustration of a 
preferred implementation of step 464 of FIG. 24; 

0268 FIG. 26 is a simplified flowchart illustration of a 
preferred implementation of a portion of step 470 of FIG. 
24; 

0269 FIG. 27 is a simplified flowchart illustration of a 
preferred method of operation of the line and space skeleton 
subunit 230 of FIG. 1; 

0270 FIGS. 28A and 28B are simplified pictorial illus 
trations of an array of pixels, before and after partial erosion, 
useful in understanding the method of FIG. 27: 
0271 FIG. 29 is a simplified pictorial depiction of Eul 
er's conditions, useful in understanding the method of FIG. 
27; 

0272 FIGS. 30A-30C are simplified pictorial illustra 
tions useful in understanding a preferred method of opera 
tion of the morphology subunit 240 of FIG. 1; 

0273 FIGS. 31A-31C are simplified pictorial illustra 
tions of operators, useful in understanding FIGS. 30A-30C; 

0274 FIG. 32 is a simplified flowchart illustration of a 
preferred method of color morphology analysis of an image: 

0275 FIGS. 33A and 33B, taken together, comprise a 
simplified flowchart illustration of a preferred method of 
operation of the nicks and protrusions subunit 220 of FIG. 
1; 

0276 FIG. 34 is a simplified pictorial illustration helpful 
in understanding step 890 of FIG. 33A: 

0277 FIG. 35 is a simplified pictorial illustration of a 
portion of an image to be analyzed, useful for understanding 
the method of FIGS. 33A and 33B; 
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0278 FIG. 36 is a simplified pictorial illustration of an 
array of virtual cel pixels useful in understanding the method 
of step 950 of FIG. 33B; 
0279 FIGS. 37A and 37B are simplified pictorial illus 
trations of examples of contours; 
0280 FIG. 38 is a simplified pictorial illustration of a 
typical example of a protrusion; 
0281 FIGS. 39A and 39B are simplified pictorial illus 
trations of an array of virtual cel pixels, useful in under 
standing step 980 of FIG. 33B; 
0282 FIGS. 39C and 39D are simplified flowchart illus 
trations of methods useful in conjunction with the system of 
FIG. 1; and 
0283 FIG. 40 is a simplified pictorial illustration of an 
example of an electrical circuit, useful for understanding the 
operation of the present invention. 

DETAILED DESCRIPTION OF A PREFERRED 
EMBODIMENT 

Overview 

0284. Reference is now made to FIG. 1 which is a 
simplified block diagram illustration of an image analysis 
system 100 constructed and operative in accordance with a 
preferred embodiment of the present invention. It is appre 
ciated that, while the system of FIG. 1 is particularly useful 
in analyzing an image which represents a patterned object, 
for example a BGA or other electric circuit, the system of 
FIG. 1 may generally be useful in image analysis, whether 
or not an image being analyzed represents a patterned object 
or any other object. Although reference in the present 
specification is made to BGAs for the purposes of illustrat 
ing the present invention, the term BGA as used in the 
present specification shall be deemed to refer to and addi 
tionally include printed circuit board substrates, laminated 
printed circuit boards, lead frames, flat panel displays, 
hybrid chip packaging Substrates, tape automated bonding 
Substrates, and any Suitable patterned object including vari 
ous etched and engraved metal Substrates as may be used in 
medical implants. 
0285 Image analysis system 100 is preferably included 
in an inspection system comprising illumination, image 
acquisition, object transportation, and Software based image 
processing Subsystems. Thus, in a case where an image 
being analyzed by the image analysis system 100 does 
comprise an image of an object, such as a patterned object 
like a BGA, it is appreciated that an appropriate image 
acquisition system (not shown) is typically employed to 
capture an image of the object, and that the image being 
analyzed by the image analysis system 100 is typically 
corrected in appropriate ways well-known in the art, includ 
ing focus, compensation, resampling, and alignment. An 
appropriate image acquisition system Suitable to provide an 
image to image analysis system 100 typically comprises at 
least one detector providing a polychromatic image output, 
as is well known in the art. The output of Such an image 
acquisition system, or any similar image produced by other 
appropriate means, is generally termed herein a "color 
image'. 
0286 The input image to be analyzed typically comprises 
a color image in an appropriate color format. as is well 
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known in the art. Preferably, the color image is provided in 
RGB (red-green-blue) format at high bit resolution, such as 
24-bit resolution. 

0287. The image analysis system 100 is preferably opera 
tive to analyze an input image and to pass results of the 
analysis on for further processing, preferably a software 
image processing unit, or for reporting directly to an opera 
tor by way of an appropriate application interface. 
0288 Preferably, as is well known in the art, the image 
analysis system 100 is implemented in custom hardware. 
While a software implementation of the image analysis 
system 100, to run on a general purpose computer, is 
believed to be possible and would, it is believed, be fully 
operative, a hardware implementation is preferred in order to 
achieve faster performance. For ease of description of the 
present invention, the methods are usually described so as to 
enable implementation of the principles of the present 
invention in either hardware of software. 

0289. The image analysis system 100 preferably com 
prises a color processor, or “CLRP unit 120, which pref 
erably receives color information about the input image and 
is preferably operative, as described further below, to ana 
lyze the input image based on the received color informa 
tion. 

0290 The image analysis system 100 also preferably 
comprises a CABS unit 130, which preferably receives 
monochrome, also known as gray level, information about 
the input image and is preferably operative, as described 
further below, to analyze the input image based on the 
received gray level information. The monochrome informa 
tion may comprise information in one color, typically but not 
necessarily the color red, and typically comprises a high 
number of bits, such as 8 bits, of gray level information. A 
preferred implementation of the CABS unit 130 is described 
below with reference to FIGS. 33A and 33B. 

0291. The image analysis system 100 also preferably 
comprises a SKFD unit 140, which preferably receives as 
input an output, described further below and typically com 
prising binarization information, from the CABS unit 130, 
and color information from the CLRP unit 120. The SKFD 
unit 140 is preferably operative, as described further below 
to analyze the input thereto and to produce therefrom 
characteristic information typically including a skeleton 
representation of the input image and morphology features 
found in the input image. 
0292. The image analysis system 100 also preferably 
comprises a synchronization unit 150. Preferably and in 
order to obtain faster performance of the image analysis 
system 100, the CLRP unit 120, the CABS unit 130, and the 
SKFD unit 140 operate in parallel. The synchronization unit 
150 is preferably operatively associated with each of the 
CLRP unit 120, the CABS unit 130, and the SKFD unit 140 
and preferably receives output from each of the CLRP unit 
120, the CABS unit 130, and the SKFD unit 140. Using any 
appropriate synchronization methods, such as hardware 
based delay and synchronization methods which are well 
known in the art, the synchronization unit 150 is preferably 
operative to mutually synchronize each of the inputs 
received thereat and to pass the synchronized inputs along as 
an output of the image analysis system 100. 
0293 Preferably the image analysis system 100 generates 
a number of reports, which include information about vari 
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ous features and defects detected on an object being 
inspected, such as Binary Cels, Color Cels, Morphology 
Skeleton, Skeleton Features, Nick/Protrusion, Gray Surface 
Defects, Color Surface Defects, Defective Color Cels and 
Snapshot Images of Regions of Interest. These reports are 
inputted to a Software Image Processing device as described 
in detail in the Applicant's copending Israel Patent Appli 
cation No. 131,282. In addition the image analysis system 
100 generated Snapshot images of each feature and defect, as 
well as Snapshot defects of particular regions of interest on 
the article as are predefined by a user prior to inspection. 
Typically a Snapshot image is a polychromatic image of a 
region Surrounding each feature, defect and predefined 
region of interest. 
0294 Preferably, the Snapshot image output of the image 
analysis system 100 may be post-processed by a post 
processing Subsystem (not shown) in order to produce 
appropriate final reports regarding structure and defects of 
an object inspected. 
0295) The CLRP unit 120 preferably comprises the fol 
lowing subunits: 
0296 1. A material identification subunit 170 which 
preferably receives the color image data input to the CLRP 
unit 120 and is preferably operative to derive therefrom 
information about materials comprised in an object of which 
the input image is the image. A preferred implementation of 
the material identification subunit 170 is described in more 
detail below with reference to FIG. 2. 

0297 2. A material contours subunit 180 which prefer 
ably receives an output from the material identification 
subunit 170 and is preferably operative to derive therefrom 
contour information representing contours and/or borders in 
the input image. A preferred implementation of the material 
contours subunit 180 is also described in more detail below 
with reference to FIG. 2. 

0298. It is appreciated that, in a case where the input 
image does not comprise an image of an object that the term 
“material” as used throughout the present specification and 
claims, particularly but not exclusively with respect to the 
material identification subunit 170 and the material contours 
subunit 180, is used to refer to features in the input image 
which, upon analysis, appear to correspond to features of 
one or more materials in an object which the image would 
represent, if the image did represent an object. In other 
words, with a broadened understanding and definition of the 
term “material, it is believed that the operations performed 
by the material identification subunit 170 and the material 
contours Subunit 180 are also useful in analyzing an image 
which does not comprise an image of an object. 
0299 3. A color surface defects subunit 190 which pref 
erably receives the color image data input to the CLRP unit 
120 and is preferably operative to derive, from the input, 
information about Surface defects in the input image, the 
Surface defects typically corresponding to defects in an 
object of which the input image is an image. A preferred 
method of operation of the color surface defects subunit 190 
is described in more detail below with reference to FIG. 12. 

0300. The CABS unit 130 preferably comprises the fol 
lowing subunits: 
0301 1. A binarization and cel production subunit 200 
which preferably receives the monochrome image data input 
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to the CABS unit 130 and is preferably operative to derive 
therefrom binary information representing a binary image 
corresponding to the input image, based on the monochrome 
image data. Additionally, in a preferred embodiment of the 
present invention the binarization and cel production Subunit 
200 receives a reduced color image from the material 
identification subunit 170, and is operative to derive there 
from binary information representing a binary image corre 
sponding to the input reduced color image. The binarization 
and cel production subunit 200 also is preferably operative 
to define borders within the image, preferably by means of 
contour elements, also known as cels, and to output infor 
mation comprising a description of the cels produced. A 
preferred method of operation of the binarization and cel 
production subunit 200 is similar to that described below for 
one component of a color image, with reference to FIG. 7. 
0302) The term “binary” in all of its forms, as used 
throughout the present specification and claims and particu 
larly in describing information, an image, or a method for 
processing information or processing an image, refers to 
having two states or two outcomes. In the case of an image, 
for example, a binary image is an image in which each 
element, Such as a pixel, comprised in the image has only 
two possible states, which may be represented as “black” 
and “white' or, alternatively, “0” or “1”. The term binary, in 
referring to images or image information, is thus used in 
contrast to the terms “gray scale” and “color, which are 
well-known in the art and which refer to particular types of 
images in which there are more than two possible states or 
outcomes for each element. 

0303 2. A nicks and protrusions unit 220 which prefer 
ably receives the cel information output by the binarization 
and cel production unit 200 and is preferably operative to 
derive therefrom information about small border irregulari 
ties, known as nicks and protrusions, in borders defined by 
the binarization and cel production unit 200, and to report 
the nicks and protrusions as output. A preferred method of 
operation of the nicks and protrusions subunit 220 is 
described in more detail below with reference to FIGS. 33A 
and 33B. 

0304 3. A gray small defects subunit 210 which prefer 
ably receives the monochrome image data input to the 
CABS unit 130 and is preferably operative, using the 
monochrome image data, to identify Small defects in the 
input image which may, in a case where the image is an 
image of an object, indicate defects in the object of which 
the image is an image. Methods of identifying Small defects 
using monochrome information are well known in the art 
and are described, for example, in U.S. Pat. No. 5,586,058 
to Aloni et al., referred to above, the disclosure of which is 
hereby incorporated herein by reference. 
0305) The SKFD unit 140 preferably comprises the fol 
lowing subunits: 
0306 1. A line and space skeleton subunit 230 which 
preferably receives the binary information output from 
CABS unit 130, typically via the binarization and cel 
production subunit 200, and is preferably operative to derive 
therefrom and to produce as output line and space skeleton 
information describing the input image. Typically, the line 
and skeleton information is derived using a pixel consump 
tion method, as is well known in the art. A preferred method 
of operation of the line and space skeleton subunit 230 is 
described in more detail below with reference to FIG. 27. 
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0307 2. A morphology subunit 240 which preferably 
receives the line and space skeleton information output by 
the line and space skeleton subunit 230 and is preferably 
operative to identify morphological features of the input 
image based on the line and space skeleton information and 
to produce information describing the morphological fea 
tures as output. A preferred method of operation of the 
morphology subunit 240 is described in more detail below 
with reference to FIGS. 30A-30C. 

0308 The following definitions and general discussion 
may be of assistance in understanding the present specifi 
cation and claims. 

0309. A population of pixels which have largely homo 
geneous color characteristics is termed herein a "largely 
homogeneous color population'. Typically, a color image to 
be analyzed comprises, as is well-known in the art, a 
plurality of regions of largely homogeneous color popula 
tion. 

0310. It is well known in the art to represent a color 
image in a color format or color space. Such as, for example: 
RGB format, comprising separate color values for red, 
green, and blue; and HSI format, comprising separate values 
for hue, intensity, and saturation. For the sake of simplicity 
of description, throughout the present specification and 
claims, unless stated otherwise, the example of RGB format 
will be used, it being appreciated that other formats may, in 
most cases, also be used. 
0311. It is well known in the art that a single color 
component of an RGB image may considered separately 
from other components of the RGB image: for example, the 
green component may be considered separately. A derived 
image comprising only the green component may be con 
sidered, for the sake of simplicity of processing and descrip 
tion, to be a monochrome image. In discussing Such a single 
component derived image, the value of a pixel may be 
referred to as a gray scale value for the sake of simplicity of 
description, even though the value is in Some sense a 'green 
scale value'. 

0312. In the field of grayscale image analysis, the concept 
of gradient is well known and corresponds generally to a first 
derivative of a function of pixel values, indicating the rate of 
change of pixel value at a predetermined location. It will 
therefore be evident to persons reasonably skilled in the art 
that areas of homogeneous color in a single color compo 
nent, such as the red component, will generally comprise 
pixels having a Zero or near-Zero gradient value. Areas of 
non-homogeneous color, including borders and edges, will 
generally comprise pixels having a significantly non-Zero 
gradient value. 

0313 Preferred prior art methods which may be used in 
determining an edge in a grayscale image, including deter 
mination to Sub-pixel accuracy in a grayscale image, include 
second derivative computation methods, which typically use 
a difference of Gaussians (DOG) method to calculate a 
second derivative approximation of a pixel intensity func 
tion. Typical prior art methods are described in the following 
US Patents, the disclosures of which are hereby incorporated 
herein by reference: 
0314) 1. U.S. Pat. No. 5,774,572 to Caspi, which 
describes an automatic visual inspection system, which is 
preferably operative to convolve a 2-dimensional digital 
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gray scale image of an object with a filter function related to 
the second derivative of a Gaussian function forming a 
2-dimensional convoluted image have signed values. The 
location of an edge in the object is achieved by finding Zero 
crossings between adjacent pixels having oppositely signed 
intensity values. 
0315 2. U.S. Pat. No. 5,774,573 to Caspi et al, which 
describes a visual inspection system which uses convolution 
of a 2-dimensional digital gray Scale image of an object with 
a filter function related to the second derivative of a Gaus 
sian function forming a 2-dimensional convolved image 
having signed pixel intensity values. The convolution of 
Caspi et al. can be performed with a difference-of-two 
Gaussians, one positive and one negative. 

Color Image Processing 
0316 Reference is now made to FIG. 2, which is a 
simplified block diagram illustration of a preferred imple 
mentation of the material identification subunit 170 and the 
material contours subunit 180 comprised in the CLRP unit 
120 of FIG. 1. 

0317 Generally, the task of the material identification 
subunit 170 is to produce, from color information of an input 
image, as much information as possible about homogeneous 
color population regions in the input image. In the material 
identification subunit 170, a region of homogeneous color 
population is generally identified with a particular material 
or combination of materials as may result from the presence 
of a translucent or partially transparent coating or overlay 
covering another material. For example, when the object 
being inspected is a BGA, typical optically distinguishable 
materials and materials combinations include copper con 
ductor, copper conductors that are coated or plated with 
gold, Substrate, and those parts of any of the aforementioned 
materials which are covered by a solder-mask overlay. It is 
appreciated that other objects being inspected might include 
other materials and material combinations such as, for 
example, silver. Therefore, the primary task of the material 
identification subunit 170 is to identify, in the input image 
and based on the color information, areas of homogenous 
color population. 
0318. The term “translucent overlay', as used throughout 
the present specification and claims, includes, for example, 
a translucent or partially transparent Solder mask or, for 
example, a translucent Substrate through which a conductor 
located on an opposite side thereof may be seen. 
03.19 Generally, areas of homogenous color population 
are referred to herein as representing areas of a particular 
material, which is generally the case when an input image to 
be analyzed is an image of a physical object. It is appreci 
ated, however, as explained above, that the present invention 
is not limited to analyzing only input images which are 
images of a physical object, and that the use of the term 
“material” in a case where an image may not be an image of 
a material object is by way of analogy and is not meant to 
be limiting. 
0320 Generally, the task of the material contours unit 
180 is to produce, from color information of an input image 
and from the output of the material identification subunit 
170, an indication of borders between areas of homogenous 
color populations, said borders preferably being identified at 
a subpixel level. 
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0321) The apparatus of FIG. 2 preferably comprises the 
following: 

0322 1. a material classification unit 171; 
0323 2. a color edge detector 172: 
0324 3. a region expanding unit 173; 
0325 4. a cel construction unit 174; and 
0326 5. a contourization unit 175. 
0327. The material classification unit 171 preferably 
receives color component data, typically comprising RGB 
values for each pixel in the input image, and is preferably 
operative to classify areas of largely homogenous color 
population as belonging to a particular material. In a pre 
ferred implementation, the material classification unit 171 is 
implemented as a hardware LUT, so that classification of 
each pixel is based directly on the color component values, 
typically RGB values, of that pixel, so that RGB values 
falling within a color space associated with a particular 
material or material combination will be associated with that 
material. 

0328 Preferably, in a typical case where a plurality of 
images of objects composed of similar materials is to be 
analyzed, the LUT may be built by analyzing a representa 
tive image using methods well known in the art. It is 
appreciated that a number of appropriate methods of ana 
lyzing a representative image are well known in the art, 
including simple methods based on histogram-like pixel 
color distribution analysis, and that any appropriate method 
may be used. A preferred method for performing Such an 
analysis is described in the following reference, the disclo 
sure of which has been incorporated herein by reference: 
Dorin Comaniciu and Peter Meer, "Distribution Free 
Decomposition of Multivariate Date”, SPR 98 Invited 
Submission, Department of Electrical and Computer Engi 
neering, Rutgers University, Piscataway, N.J. 08855, USA. 

0329. The materials classification unit 171 preferably 
outputs classified materials information indicated an assign 
ment of each pixel in the input image to a particular material. 
0330. The color edge detector 172 preferably receives the 
same input as the materials classification unit 171. The color 
edge detector 172 is preferably operative to compute an 
approximate first derivative, typically by applying a Sobel 
operator, as is well known in the art, typically to HSI 
components of the input image. The Sobel operator is 
preferably applied separately to each of the HSI compo 
nents, and then a combined result is derived as explained 
below. 

0331 Sobel edge detection is well known in the art. The 
magnitude of the gradient of a function (p is given by the Sum 
of the magnitudes of the partial derivatives of p in the X and 
y directions, which is approximated in Sobel estimation at a 
point (i) as follows: 

0332 Sobel edge detection in the present invention pref 
erably uses a circular 3 x3 edge detector and, via image 
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convolution, calculates a 2D gradient magnitude as a Sum of 
absolute values of vertical and horizontal gradient compo 
nents, in accordance with the above formula. Typically, the 
following kernels may be used for image convolution: 
1. Vertical Gradient Kernel: 

-1 0 1 

-2 O 2 

-1 0 1 

2. Horizontal Gradient Kernel: 

0333) The color edge detector 172 then preferably com 
putes a color edge as a weighted Sum of H. S. and I 
component gradients as follows: 

Gcolor=(GHRelevance(I)WeightF-- 
fGs Relevance(I)WeightS+/GIWeght I) 

where: 

0334 Goo is the color edge; 
0335) G is the gradient of hue; 
0336 Gs is the gradient of saturation; 
0337 G is the gradient of intensity; 
0338 Relevance(I) is a color relevance weight function 
of intensity; 

0339 Weighth is a weight for the hue component; 
0340 WeightS is a weight for the saturation component; 
and 

0341 Weight is a weight for the intensity component. 

0342. Further discussion of the factors mentioned imme 
diately above is found in Philippe Pujas and Marie-Jose 
Aldon, "Robust Color Image Segmentation', referred to 
above, the disclosure of which is hereby incorporated herein 
by reference. 

0343 Reference is now made to FIG. 3, which is a 
simplified flow chart illustration of a preferred method of 
operation of the color edge detector 172. The flow chart of 
FIG. 3 is self-explanatory with reference to the above 
discussion. 

0344) Referring back to FIG. 2, the region expanding unit 
173 preferably receives the outputs produced by the material 
classification unit 171, comprising classified materials infor 
mation, and the output produced by the color edge detector 
172, comprising color gradient information. The region 
expanding unit 173 is preferably operative to extend each 
region comprising a homogeneous color population as iden 
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tified by the material classification unit as far as possible, so 
that the borders between homogeneous color populations are 
as narrow as possible. 
0345 Reference is now additionally made to FIG. 4. 
which is a simplified flowchart illustration of a preferred 
method of operation of the region expanding unit 173 of 
FIG. 2. In the method of FIG. 4 unassigned pixels are 
assigned to a neighboring region of homogeneous color 
which has a low gradient, indicating that the unassigned 
pixel is, in so far as possible, assigned to a neighboring 
region having the least clear border with the unassigned 
pixel. The method of FIG. 4 preferably includes the follow 
ing steps: 
0346 A gradient is computed at each pixel in the image 
using an appropriate edge extraction operator as described 
above (step 330). A current gradient level, indicating a 
gradient level of unclassified pixels to be classified at the 
current stage of the method of FIG. 4, is set to 0 (step 340). 
0347 The following steps are preferably performed for 
each unclassified pixel whose gradient is less than or equal 
to the current gradient level (step 350) following stepwise 
incrementing. 
0348 Among neighboring pixels of the unclassified 
pixel, the neighboring pixel having the Smallest gradient is 
identified (step 360). The neighboring pixels may comprise 
4 pixels comprising 2 horizontal neighboring pixels and 2 
vertical neighboring pixels. Alternatively, the neighboring 
pixels may also comprise 4 diagonal neighboring pixels, 
thus comprising 8 pixels. 
0349 The unclassified pixel is assigned to the pixel 
among the neighboring pixels which was identified in step 
360 as having the smallest gradient (step 370). If there is 
more than one neighboring pixel having the Smallest gradi 
ent, the first appearing of the more than one neighboring 
pixels having the Smallest gradient is chosen and used. 
0350 A check is made as to whether all pixels have now 
been classified (step 380); if so, the method of FIG. 4 
preferably concludes. 
0351) If at least one unclassified pixel remains unclassi 
fied, the current gradient level is incremented (step 390), and 
execution of the method of FIG. 4 continues with step 350. 
0352. It is appreciated, as stated above, that most com 
ponents of the system of FIG. 1, including the apparatus of 
FIG. 2, are preferably implemented in hardware for opti 
mum performance. It is appreciated that a skilled person of 
the art would implement the method of FIG. 4 in hardware 
using well-known techniques appropriate to optimized hard 
ware implementation of software algorithms. 
0353. The cel construction unit 174 preferably receives 
the color component input, typically comprising RGB input, 
received by the materials classification unit 171 and the 
color edge detector 172. The cel construction unit 174 is 
preferably operative to distinguish borders among regions of 
different homogeneous color populations and to determine 
therefrom cels representing such borders determined at a 
sub-pixel level separately in each of the R, G, and B gray 
scale images. Cels, also known as contour elements, are 
described in more detail below. 

0354) Appropriate apparatus and methods for making 
Such a Sub-pixel determination in a gray scale image are 
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described in U.S. Pat. No. 5,774,572 to Caspi and U.S. Pat. 
No. 5,774,573 to Caspi et al, also referred to herein as “the 
Caspi patents, both of which have been referred to above 
and the descriptions of which have been incorporated herein 
by reference. It is appreciated, in the present invention, that 
determination of a location of a border at a sub pixel level 
in a single-component gray scale image. Such as a red 
component gray scale image, may be performed using the 
methods described in the Caspi patents. 
0355 As is well known in the art, particularly in the 
Caspi patents referred to above, convolution with an appro 
priate difference of Gaussians (DOG) operator may be used 
to compute a second derivative and thus determine border 
location; in particular, a large and a small operator may be 
used. Preferred kernels include 3x1, 5x1, and 5x3 kernels. 
Reference is now additionally made to FIGS. 5 and 6, which 
show examples of a preferred 5x5 large kernel and a 
preferred 3x3 corresponding small kernel, respectively. 
FIGS. 5 and 6 are self-explanatory. 
0356. The contourization unit 175 preferably receives the 
R, G, and B cels from the cel construction unit 174 and the 
segmented materials information from the region expanding 
unit 173 and is preferably operative to produce therefrom 
color cels representing borders between adjacent materials 
in the input image. 

0357 Reference is now additionally made to FIG. 7, 
which is a simplified block diagram illustration of a pre 
ferred implementation of the contourization unit 175 of FIG. 
2. The apparatus of FIG. 7 preferably comprises the follow 
1ng: 

0358 1. a material cel builder 176 which preferably 
receives the segmented materials information and is prefer 
ably operative to produce therefrom material cels which 
represent borders with pixel accuracy; 

0359 2. a selector decision envelope builder 177 that 
builds an envelope. Such as a 1 pixel envelope, around each 
material cel, indicating regions within which a border is to 
be determined; and 

0360. 3. a best contour selector 178, preferably receiving 
the material cels from the material cel builder 176 and the 
envelope from the selector decision envelope builder 177, as 
well as the R, G, and B cel information, and preferably 
operative to produce therefrom a final color cel representing 
the best border between adjacent materials. 
0361. In determining a border in the best contour selector 
178 it is appreciated that it is generally difficult or impos 
sible to determine a border with sub pixel accuracy in the 
vicinity of a junction of edges and therefore it is preferred to 
use the contourization border in the vicinity of a junction. 
The vicinity of a junction may be defined in any appropriate 
manner Such as, for example, as within a 3 pixel Square 
neighborhood of a junction. 

0362. In a preferred embodiment of the current invention, 
a decision as to whether to use a sub-pixel R, G, or B border 
or whether to use a pixel material cel border in areas that are 
not near a junction is made according to the materials which 
fall on both sides of the border. Certain materials are known 
to be best distinguishable, for example, in red; if those 
materials fall on the two sides of the border, then the red 
sub-pixel border is used to fix the border at that location. 
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Other materials may not be distinguishable in any of R, G, 
or B, in which case a pseudo color may be generated, for 
example by weighting the RGB inputs in a predetermined 
manner, for border determination, or a material cel border 
would be used at that point. 
0363) Reference is now made to FIG. 8, which is a 
simplified flowchart illustration of a preferred method of 
operation of the best contour selector 178 of FIG. 7. The 
method of FIG. 8 is self-explanatory with reference to the 
above discussion. 

0364 Preferably, sup-pixel accuracy borders as described 
above are represented as a plurality of contour elements or 
cels, each cel indicating a Sub-pixel accuracy border seg 
ment in the vicinity of a single pixel; each cel is roughly 
equivalent to a small vector of length approximately equal to 
one dimension of a pixel. One preferred method of defining 
a cel, including defining the location and orientation of the 
cel and the homogeneous color population on each side of 
the cel, wherein each population is correlated to a material 
or material combination as described above, is as follows: 

description typical number of bits for storage 

material index into a table indicating which materials are on each 
edge side of the cel 
direction 0 if the area of negative DOG is to the left of the cel when 

traveling from a first end of the cel to a last end of the cel, 
1 otherwise 

edge code indication of direction of the cel, encoding the first edge 
and last edge of the pixel 

first edge intersection point, in a cyclic coordinate system, of the cel 
with the first edge 

last edge intersection point, in a cyclic coordinate system, of the cel 
with the last edge 

0365 Reference is now additionally made to FIGS. 9-11, 
which are simplified pictorial illustrations of preferred cel 
construction and nomenclature, useful in understanding the 
present invention. The illustration of FIG. 9 comprises a 
plurality of pixels 530 and a second plurality of virtual cel 
pixels 540. Typically, each virtual cel pixel 540 is of the 
same size as each pixel 530 and each virtual cel pixel 540 is 
centered about a corner of four pixels 530. In FIG.9, by way 
of example only, each of four pixels 530, which comprise 
neighboring pixels of a central virtual cel pixel 545, are 
shown as having given gradient values of -100, +20, +50, 
and +20 respectively. 
0366) The illustration of FIG.9 also comprises a cel 550. 
The location of a first edge intersection point 560 of the cel 
550 is preferably fixed by linear interpolation between the 
adjacent cel gradient values, for example +20 and -100 as 
shown, in order to estimate the Zero-crossing point, as is 
well-known in the art. Similarly, the location of a last edge 
intersection point 570 of the cel 550 is preferably fixed by 
linear interpolation between adjacent cel gradient values, for 
example +50 and -100 as shown. 
0367 FIG. 10 depicts a preferred circular coordinate 
system for describing the first edge and last edge of the cel 
550, as well as an edge numbering system in which the top, 
left, right, and bottom edges of the cell 550 are numbered 0. 
1, 2, and 3 respectively. FIG. 11 depicts a preferred scheme 
for describing the edge code indicating the direction of the 
cel 550 of FIGS. 9 and 10. 
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0368. A preferred method of determining edge code and 
direction based DOG sign values in four neighboring pixels 
would be to perform a lookup table based on the following: 

DOG sign edge code Direction 

---- 7 O 
---- 

--- O 1 
---- 

--- 1 O 
---- 

3 O 
---- 

---- 4 1 
--- 

--- 2 1 
--- 

--- 6 1 
--- 

5 1 
--- 

---- 5 O 
--- 

--- 6 O 
--- 

--- 2 O 
--- 

4 O 
--- 

---- 3 1 

--- 1 1 

--- O O 

7 O 

0369. In the immediately preceding list of edge codes, it 
is appreciated that code 6 represents a saddle and code 7 
represents “no cel'. 
0370. The first and last edges of a cel, according to the 
numbering system of FIG. 10. may be determined from the 
following: 

number of 
last edge 

number of 
edge code first edge 

undefined undefined 

0371. In a preferred embodiment of the present invention, 
the cels, which are calculated as described above, are 
collected into an image map representing the cel borders 
between homogeneous color populations, and indicating for 
each cel which of the colors of the homogeneous color 
population is located on either side of the cel. It is readily 
appreciated that by correlating materials to homogeneous 
color populations as hereinabove described, color cel image 
maps include data as to the identity and location of materials 
present on the object being inspected. 
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0372. In a preferred embodiment of the present invention, 
the collection of cels is preferably included in a report of 
features of the object inspected, which may be further 
processed as desired. An additional report preferably 
includes a reduced color map, specifying regions of homo 
geneous color population, of the object being inspected, 
which may be used for example by the binarization and cel 
production unit 200 to produce binary cels in order to 
generate a color morphology map, as well be described in 
greater detail below. Additionally, color cels may be ana 
lyzed to ascertain the shape and location of various coatings, 
Such as partially transparent overlays, and output defect 
reports when detected as being defective. 

Surface Defect Detection 

0373) Reference is now made to FIG. 12, which is a 
simplified block diagram illustration of a preferred imple 
mentation of the color surface defects subunit 190 of FIG. 1. 
For brevity of reference, the color surface defects subunit 
190 is sometimes referred to herein as COMRADD 190. 

0374 Surface defects, also known as area defects can be 
described as local abnormalities within a randomly textured 
Surface, and typically include: residues such as process 
residues remaining on the Surface of an article being 
inspected, Voids in various coatings and platings, irregulari 
ties in the Surface topography of the article including and in 
particular in metal coatings, scratches, foreign materials, 
stains, and oxidation of various metals and metal coatings. 
Surface defects are preferably classified into two groups: 

0375 high contrast defects, which generally comprise 
defects with well defined edges on which a strong 
gradient can be measured, such as a scratch or a pit; and 

0376 low contrast wide area defects, which generally 
comprise defects with unclear edges, on which a rela 
tively weak gradient is measurable, such as a water 
stain or an oxidized region. 

0377 Defects may also be classified in other ways, such 
aS 

0378 chromatic defects, which generally differ from 
their Surroundings mainly by color, oxidized regions 
are an example of chromatic defects; and 

0379 achromatic defects, or intensity oriented defects, 
that is, defects which are either brighter or darker than 
their Surrounding, Such as, for example, pits, Scratches, 
and stains. 

0380 Generally, the apparatus of FIG. 12 seeks to detect 
Surface defects as described above, even on topologically 
complex surfaces comprising a variety of materials and 
textures. Preferably, the apparatus of FIG. 12 is designed to 
operate inside a material, ignoring the edges thereof, and 
thus is designed to receive an input segmented into materials 
and edges, such as the output produced by the material 30 
contours subunit 180, described above. Preferably, the appa 
ratus of FIG. 12 achieves its results using multi-resolution 
detecting, applying chromatic and achromatic detectors in 
parallel at different resolutions. The apparatus of FIG. 12 can 
preferably be configured to operate at different sensitivities 
for different materials, and at different sensitivities as a 
function of distance from material edges. Preferably, the 
apparatus of FIG. 12 produces a report of detected surface 
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defects. Preferably, the surface defects are considered can 
didate defects, and the report is accompanied by a Snapshot 
image of each possibly defective location in the image being 
inspected; the report and the Snapshot image may be further 
processed as desired. 
0381 Thus, it will be appreciated that, in the present 
invention, preferred inputs to the apparatus of FIG. 12 
include the color image data defining the object or image 
being inspected, material information as produced by the 
material identification subunit 170, and color cel informa 
tion as produced by the material contours unit 180. 
0382 Preferably, for purposes of efficiency of operation, 
the apparatus of FIG. 12 is preferably implemented partly or 
wholly in special purpose hardware, as is well-known in the 
art, with the remainder, if any, being implemented in Soft 
ware and general purpose hardware. 
0383. The apparatus of FIG. 12 preferably comprises the 
following units: 

0384 1. A color1/color2 creation unit 400 which prefer 
ably receives the color information and the material infor 
mation and is preferably operative to derive therefrom two 
derived color images, known herein as color1 and color2. 
0385 Preferably in the present invention, a preferred 
color is predefined for detecting chromatic defects in each 
material, and a preferred color is predefined for detecting 
achromatic defects in each material. The color1 image is 
then defined as the best image for detecting achromatic 
defects, and the color2 image is similarly defined as the best 
image for detecting chromatic defects. Each of the color1 
image and the color2 image preferably comprises a collage 
in which each pixel, according to its associated material, is 
assigned a pixel taken from one of four possible gray scale 
images: R, G, B, and one of the HSI transformations thereof; 
the chosen one of the three HSI transformations is preferably 
chosen to be effective for the materials which are expected 
to be present in the image (FIG. 13). 

0386 Reference is now additionally made to FIG. 13, 
which is a simplified flowchart illustration of a preferred 
method of operation of the color1/color2 creation unit 400 of 
FIG. 12. The method of FIG. 13 is self-explanatory with 
reference to the above discussion. 

0387 2. A directional enable images creator 402 which 
receives the color cel information and is preferably operative 
to produce two directional enable images, okdir and Sub 
okdir; which are preferably used to control further operation 
of the apparatus of FIG. 12. It will be appreciated by persons 
skilled in the art that, in applying a sensitive defect detector 
on a poly-material image it is very desirable to avoid false 
alarms that originate from material edges. 
0388 Strong gradients are generally measured on mate 
rial edges; therefore, in the present invention, particularly 
with respect to surface defect detection, it is desirable to 
disable gradient measurement at or near material edges. The 
following strategy is used in the present invention to make 
it possible to find defects near material edges without 
incurring false alarms from gradients associated with the 
material edges. The image is preferably divided into three 
main groups: on the edges, no measurements are taken; near 
the edges, measurements are only taken in a direction 
parallel to the local edge direction, this direction of mea 
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surement being termed herein the “okdir direction; in other 
places, normal measurements are performed. Preferably, an 
okdir map is used for full resolution measurement, while a 
derived “subokdir map is used for sub resolution measure 
ment. 

0389) The term “sub resolution', as used herein, refers 
generally to the use of a Sub sampled image. Such as an 
image in which only every nth pixel in each dimension, Such 
as every 5th pixel in each dimension, of the original image 
is used. By 'shrinking the image using a Sub sampled 
image, it is appreciated, as is well known in mathematics, 
that certain computed values such as gradient values are 
increased, since distances shrink without pixel value shrink 
ing. In this way, low contrast defects may become more 
apparent. 

0390 A preferred implementation of the portion of the 
directional enable images creator 402 which creates okdir is 
described in more detail below with reference to FIG. 14, 
and of the portion which creates sub okdir below with 
reference to FIG. 21. 

0391) 3. and 4. Multi-resolution gradient measuring 
apparatus comprising a Sub resolution channel low contrast 
defect detector 404 and a full resolution channel high 
contrast defect detector 406, each preferably receiving the 
color1 and color2 images, the low contrast detect detector 
404 preferably receiving the sub-okdir enable image and the 
high contrast detect detector 406 preferably receiving the 
okdir enable image, each of the low contrast detect detector 
404 and the high contrast defect detector 406 being opera 
tive to perform gradient analysis and to produce a report of 
defects. Preferably, a total of four edge detectors are 
employed, one each for each of the color1 and color2 images 
in each of the low contrast defect detector 404 and the high 
contrast defect detector 406. In addition, two small defect 
detectors are preferably employed only in the full resolution 
channel high contrast defect detector 406, one for each of the 
color1 and color2 images. Thus, preferably a total of six 
detectors are employed. 
0392 5. A channel reports merger 408 which is prefer 
ably operative to receive reports from each of the low 
contrast defect detector 404 and the high contrast defect 
detector 406 and to produce therefrom an appropriate 
merged report. 

0393 Reference is now made to FIG. 14, which is a 
simplified block diagram illustration of a preferred imple 
mentation of a first portion of the directional enable images 
creator 402 of FIG. 12. The portion of the directional enable 
images creator 402 illustrated in FIG. 14 is the portion which 
creates okdir; the portion which creates sub okdir is 
described below with reference to FIG. 21. 

0394 The apparatus of FIG. 14 preferably comprises an 
edge enable image creator 410, which preferably receives 
color cel information as input and is preferably operative to 
derive therefrom an edge enable image. In the edge enable 
image all pixels which “touch' any cel are preferably 
marked as edge pixels while all other pixels are left 
unmarked, representing material pixels; thus the edge enable 
image is created as a binary image. 

0395 Reference is now additionally made to FIG. 15, 
which is a simplified pictorial illustration of an image pixel 
and neighboring virtual cel pixels, useful in understanding 
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the operation of the apparatus of FIG. 14. Typically, for each 
image pixel Such as an image pixel 690, a neighborhood of 
four virtual cel pixels centering around the image pixel 690, 
such as virtual cel pixels 700, 710, 720, and 730 is consid 
ered. The virtual cel pixels 700, 710, 720, and 730 are 
typically numbered 0, 1, 2, and 3 respectively according to 
their position. 

0396 If no cel is found in any of the four neighboring 
virtual cel pixels 700, 710, 720, and 730 the image pixel 690 
is not considered to be an edge pixel. If a cel is found in any 
of the four neighboring virtual cel pixels 700, 710, 720, and 
730, the image pixel 690 is considered to be an edge pixel 
unless all such cels are excluded cels 740 as indicated in 
FIG. 15. In accordance with FIG. 10 and the description 
thereof above, the excluded cels 740 comprise: 

virtual cel picture number reference number excluded cel number 

O 700 O 
1 710 1 
2 720 4 
3 730 5 

0397 Referring back to FIG. 14, the apparatus of FIG. 14 
preferably comprises a morphology control unit 412, typi 
cally implemented as a LUT, which is preferably operative 
to provide control information to a plurality of erosion units 
414, typically comprising 3 erosion units 414. Each of the 3 
erosion units 414 is preferably operative to apply erosion, as 
is well known in the art, to the edge enable image created by 
the edge enable image creator 410. Typically, a first erosion 
unit 414 applies 2 levels of erosion and produces an enable2 
map; a second erosion unit 414 applies 4 more levels of 
erosion and produces an enable6 map; and a third erosion 
unit 414 applies 4 more levels of erosion and produces an 
enable10 map. Typically, except for their inputs and control 
information received, each of the three erosion units 414 is 
identical. 

0398 Preferably, each erosion step is carried out accord 
ing to an erosion key having a value; one possible example 
of an erosion key value is as follows: “0C CCCT CC00. 
Preferably, each character of the erosion key represents a 
single erosion step, reading from left to right, each step 
being preferably interpreted according to an erosion operator 
as follows: 

key character description of erosion operator 

do not erode, output = input 
save, do not consume open ends 
do not break connectivity 
allow breaking of connectivity 
Smooth edge by eating Small protrusions 

0399 Preferably, all of the erosion operators comprise 
orthogonal operators, that is, operators that consume a 
central pixel if one of the central pixels four first order 
neighbors is already eaten. It is appreciated that the enable2 
map is preferably produced by operations “OC, the enable6 
map by further operations “CCCT, and the enable10 map 
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by further operations “CC00. It will be appreciated by 
persons skilled in the art that the “O'” erosion steps are 
preferably included for ease of certain hardware. implemen 
tations. 

0400. The enable maps are preferably used to extend the 
range, within an edge, from which the edge direction can be 
determined. The erosion operations tend to increase the size 
of the original edge enable image, thus allowing a determi 
nation of edge detection at a greater distance from the edge; 
preferably, an okdir-envelope of up to 10 pixels width may 
be created. 

04.01 The apparatus of FIG. 14 also preferably includes 
an okdir map computation unit 416, which is operative to 
produce an okdir image. Reference is now additionally made 
to FIG. 16, which is a simplified flowchart illustration of a 
preferred method of operation of the okdir map computation 
unit 416. The method of FIG. 16 preferably comprises the 
following steps: 

0402. A relevant enable image, from among the 3 enable 
images, is determined (step 418). 
0403) Reference is now additionally made to FIG. 17, 
which is a simplified. flowchart illustration of a preferred 
implementation of step 418 of FIG. 16. The following 
definitions may be useful in understanding the method of 
FIG. 17: 

0404 envelop pixels: pixels that reside on the borders 
of a 5x5 matrix: 

0405 okdir address: envelop and map code, as 
described below: 

0406 envelop: a bit map of the envelope pixels of a 
chosen enable image, the chosen enable image being 
chosen from among the enable2 image, the enable6 
image, and the enable10 image, preferably in accor 
dance with the method of FIG. 17: 

04.07 map code, a code, typically implemented as a 2 bit 
code, describing a chosen enable map, typically according to 
the following interpretation: 

code interpretation 

OO central pixel is an edge pixel 
O1 envelop taken from enable2 image 
O2 envelop taken from enable6 image 
O3 envelop taken from enable10 image 

0408. The method of FIG. 17 preferably receives as input 
the 3 enable images comprising the enable2 image, the 
enable6 image, and the enable10 image and preferably 
comprises the following steps: 

04.09. A check is made as to whether the central pixel of 
the enable2 image is an edge pixel (step 420). If so, okdir 
address is set to 0 (step 422); that is, both envelop and map 
code are set to 0, and the method of FIG. 17 terminates. 
0410. Otherwise, a check is made as whether the envelop 
pixels of the enable2 image include at least one edge pixel 
(step 424). If so, envelop is set equal to the enable2 envelop, 
map code is set equal to 01 (step 426), and the method of 
FIG. 17 terminates. 
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0411. Otherwise, a check is made as to whether the 
envelop pixels of the enable6 image include at least one edge 
pixel (step 428). If so, envelop is set equal to the enable6 
envelop, map code is set equal to 02 (step 430), and the 
method of FIG. 17 terminates. 

0412. Otherwise, envelop is set equal to the enable10 
envelop and map code is set equal to 03 (step 432). 
0413 Generally, it will be appreciated by persons skilled 
in the art that the method of FIG. 17 is operative to choose 
the envelop of the smallest enable map which includes an 
edge pixel, unless the central pixel of the enable2 image is 
an edge pixel, in which case no envelop is chosen. 
0414 Referring back to FIG. 16, the okdir is computed 
(step 419). Preferably, for reasons of efficiency as described 
above, step 419 is implemented in hardware in a LUT. 
Reference is now additionally made to FIG. 18, which is a 
simplified flowchart illustration of a preferred implementa 
tion of step 419 of FIG. 16. The method of FIG. 18 
preferably includes the following steps: 
0415. A check is made as to whether okdir address equals 
0 (step 434); if so, okdir is also set equal to 0 (step 436). 
0416 A check is made as to whether all of the envelop 
pixels are occupied (step 438); if so, okdir is set equal to 15, 
typically represented as a hexadecimal number 0xF (step 
440). 
0417. The enable image is then eroded to skeleton heads 
(step 442); a skeleton head is a single isolated pixel which 
remains after erosion. Reference is now additionally made to 
FIG. 19, which is a simplified pictorial illustration of an 
example of a process of erosion resulting in one skeleton 
head 452. 

0418 Referring back to FIG. 18, an action is taken based 
on one of three possible cases concerning the number of 
skeleton heads (step 444): If there is 1 skeleton head, okdir 
is perpendicular to a vector connecting the skeleton head and 
the central pixel of the spread (step 446). This case of okdir 
direction is shown as reference number 454 in FIG. 19. 

0419. If there are 2 skeleton heads, okdir is the direction 
of a line drawn between the two skeleton heads (step 448). 
0420) If there are 3 or more skeleton heads, okdir is set 
to 0, indicating that no measurement is to be taken. 
0421 Reference is now additionally made to FIG. 20. 
which is a table showing okdir values, corresponding direc 
tions of measurement, and a preferred gradient operator for 
measuring. In the table of FIG. 20, “Linearliff refers to a 
linear differential operator, as is well known in the art, while 
“HalfSobel” refers to a modified Sobel operator, called a half 
Sobel operator, which is described in more detail below. The 
table of FIG. 20 is otherwise self-explanatory. 
0422 Reference is now made to FIG. 21, which is a 
simplified flowchart illustration of a preferred method of 
operation of a second portion of the directional enable 
images creator 402 of FIG. 12; the method of FIG. 21 is 
directed towards production of the sub okdir image. 
0423) The method of FIG. 21 preferably comprises the 
following steps: 

0424. An enable10 image, produced as described above 
with reference to FIG. 14, is received as input and is 



US 2007/O 133862 A1 

expanded (step 456). Preferably, expanding the enable10 
image includes performing a 5x5 Spread and, if any one of 
the pixels in the expansion is an edge pixel, setting the 
central pixel of the spread to be an edge pixel. The image 
thus produced is referred to herein as a “baseenable' image. 

0425. A kxk spread of the baseenable image is per 
formed, with k preferably equal to 11 or 21 (step 458). A 
virtual 3x3 spread is then created from 9 predetermined 
pixels in the kxk spread (step 460). Reference is now 
additionally made to FIG. 22, which illustrates a preferred 
choice of predetermined pixels for an 11 x 11 spread, it being 
appreciated that a similar choice of predetermined pixels 
may be made for a 21 x spread or for another spread. It will 
further be appreciated that the choice of 9 pixels from the 
kxk comprises a form of Subsampling. 

0426. A set of heuristics is applied in order to determine 
the subokdir value from the virtual 3x3 spread (step 462). 
Reference is now additionally made to FIG. 23A, which is 
a table illustrating preferred heuristics for use in step 462 of 
FIG. 21, and to FIG. 23B, which is a simplified pictorial 
illustration showing a naming convention for the 9 pixels of 
the 3x3 virtual spread, the names of FIG. 23B being used in 
FIG. 23A. FIGS. 23A and 23B are self-explanatory. 

0427 Reference is now made to FIG. 24, which is a 
simplified flowchart illustration of a preferred method of 
operation of a portion of the apparatus of FIG. 12. The 
flowchart of FIG. 24 comprises a preferred method of 
operation of the full resolution channel 406, the sub reso 
lution channel 404, and the channel reports merger 408 of 
FIG. 12. Portions of the flowchart of FIG. 24 relating to the 
aforementioned portions of FIG. 12 are indicated generally 
in FIG. 24 by reference numbers 404, 406, and 408. 

0428 Preferably, as described above with reference to 
FIG. 12, both the full resolution channel 406 and the sub 
resolution channel 404 receive as input both the color1 
image and the color2 image. 

0429. The method of FIG. 24 preferably comprises the 
following steps: 

0430) 1. Steps relating to the full resolution channel 406: 
0431. The input images are smoothed, preferably with a 
3x3 mirror Gaussian filter (step 464). As is well known in 
the art, a Gaussian filter may be used to Smooth an image and 
to reduce texture effects therein. It is appreciated that a 
Gaussian filter has a disadvantage in that pixels which are 
next to an edge may be influenced by neighboring edge 
pixels, effectively expanding the edge towards the material; 
this problem may be referred to as an "edge effect”. In the 
present invention, a mirror Gaussian operator, combining a 
Gaussian operator with a mirror operator which transforms 
pixels in a 3x3 spread into the pixel on the opposite side of 
the 3x3 spread, is used to overcome the edge effect known 
in the prior art, and thereby to Smooth image data relating to 
non border regions in a manner which is not influenced by 
image data relating to borders. 

0432 Reference is now additionally made to FIG. 25. 
which is a simplified flowchart illustration of a preferred 
implementation of step 464 of FIG. 24, in which Gauss(i,j) 
represents application a standard Gaussian function. The 
method of FIG. 25 is self-explanatory. 
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0433 Returning to FIG. 24, an appropriate gradient 
operator is applied (step 466), the gradient operator typically 
comprising a half Sobel detector within material regions and 
a linear differential detector (Linear Diff) along edges. 
0434 In the present invention applying a linear differen 

tial detector preferably comprises measuring in the okdir 
direction, or in the subokdir direction in the case of the sub 
resolution channel, a difference in pixel value between the 
head “b' of a short vector and the tail “a” of the short vector. 
The value of the linear differential detector is preferably the 
value at “b' minus the value at “a”. 

0435 A Sobel operator, as is well known in the art and as 
described herein, is a gradient operator combining a gray 
level derivative along the principal horizontal and vertical 
axes, convoluted with a gray level derivation along the 
diagonals. As described below, in the method of FIG. 24 the 
Sobel operator is used in the sub resolution channel. Typi 
cally a Sobel operator may be implemented as two sepa 
rately applied operators, a horizontal operator Such as: 

1 0 - 1 

2 O -2 

1 0 - 1 

a vertical operator Such as: 

0436. In the present invention, an improved Sobel-type 
operator known as the half Sobel operator is used, preferably 
in step 466, with the purpose of adding to the properties of 
the Sobel operator detection of local minima and/or maxima. 
Typically, a half Sobel horizontal operator has the form: 

while a half Sobel vertical operator typically has the form: 
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0437. Typically, a half Sobel operator is applied in two 
steps. Taking the following form of a half Sobel horizontal 
operator, where the entries refer to the values of the pixels 
falling under the operator, with the “- symbol indicating 
that the operator has a Zero value at that pixel location: 

AO - C - BO 

A2 - - - B2 

Let Dif)=(2*A0+A1+A2)-4*C; let Dif1=4*C-(2*B0+B1+ 
B2). Then the gradient Grad computed with the half Sobel 
operator is given by: 

Grad=Dif)--Dif 

If the signs of Dif() and Difl are different, there may be a 
local extremum, comprising a local minimum or a local 
maximum, at or near the C pixel. 
0438. The output of step 466 comprises horizontal and 
vertical gradient images, separately obtained from the color1 
and color2 images. 
0439. The gradient is then normalized (step 468), pref 
erably with a normalization operator based on distance from 
an edge, and preferably separately for Dif) and Dif1. In 
operation of Surface detectors on several materials simulta 
neously, problems arise because each material has a different 
inherent texture, creating a different level of gradients some 
times referred to as “noise'. A gradient noise level which 
indicates a defect in one material might be regarded as 
normal texture in a second material. 

0440. It is appreciated that various methods might be 
employed to overcome the problem of different texture in 
different materials. One method would be to apply adaptive 
threshold. Alternatively, a separate normalization function 
may be provided for each material, within one threshold then 
being applied to the normalized gradients thus obtained. 
0441. In step 468 of the present invention, gradient 
normalization is preferably used. For each material, an 
appropriate normalization function is set in advance, the 
normalization functions being picked to obtain uniform 
results. Preferably appropriate normalization functions may 
be determined as follows: a histogram of gradients of all 
materials is obtained; a median gradient value is determined 
for each material; and a normalization operation, as is well 
known in the art, is applied to obtain normalization func 
tions. 

0442. In step 468, the normalized gradient is then pref 
erably computed as follows: 

NormCrad=NormFun(material distance from 
edge)*Gradient EdgeFactor(Narrow Area) 

where: 

0443) NormGrad is the normalized gradient value; 
0444 NormFunction(material distance from edge) is the 
normalization function for the material, which may be 
determined as described above; 
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0445 Gradient is the input gradient value: 
0446 and EdgeFactor(Narrow Area) is a factor, generally 
ranging between 0 and 1, and chosen to give less weight to 
gradients near an edge; EdgeFactor(Narrow Area) preferably 
has, for example, a value of 0.8 near an edge. 

0447 Gradients, whose computation was described 
above, are analyzed, classified, and thresholded (step 470). 
Reference is now additionally made to FIG. 26, which is a 
simplified flowchart illustration of a preferred implementa 
tion of a portion of step 470 of FIG. 24, including analysis 
and classification. In FIG. 26. Dif) and Difl are preferably 
as described above with reference to step 466. It is appre 
ciated that, in a case where a Lineariff operator is used, as 
described above. Dif) and Difl are preferably measured 
linearly and represent differences between a central pixel 
and head and tail pixels of a vector along the direction 
(corresponding to the current okdir direction) on which 
LinearDiff is measured. In a case, for example, where c is the 
gray value of a central pixel and b and a are gray values of 
head and tail pixels, Dift) and Difo are preferably given by: 

0448. The method of FIG. 26 is self-explanatory. 
0449 Referring back to FIG. 24, in step 470 thresholding 

is then applied. Based on predetermined criteria, typically 
derived from previous analysis of images, a threshold is 
applied to gradient and maxima/minima determinations, 
preferably to grade each gradient or maxima/minima report 
as follows: 

no report 
weak report 
medium report 
strong report 

0450. The output of step 470 preferably comprises sepa 
rate color1 and color2 reports, for local minima/maxima 
defects and for gradient defects in each case. The color1 and 
color2 reports are unified (step 472), preferably by applying 
a “survival of the strongest rule, typically represented by 
the following logic: 

0451. If (report value (color1)>=report value (color2)) 

0452 report color=color1 
0453 report value=report(color1) 

0454 report type=report type (color1) 

0455 Else 
0456 report color=color2 

0457) 

0458 

report value=report (color2) 

report type=report type (color2) 

0459 Results of step 472 are then filtered (step 474), 
typically by analyzing a 3 x3 spread of reports, computing 
a weighted Sum, and applying a predetermined threshold; 
preferably, this operation is performed in a hardware LUT. 
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0460 2. Steps relating to the sub resolution channel 404: 
0461 The image is smoothed, preferably with a 5x5 
chessboard median filter (step 476); this step is parallel to 
step 464 in the full resolution channel. In the sub resolution 
channel, large defects are searched for; hence, it is desirable 
to ignore Small features, even if they have a large variance 
from the surrounding area. It is therefore preferred to use a 
large kernel size filter designed to ignore pixels which vary 
greatly from their neighbors. Preferably, a median filter is 
used, in which data is sampled and the median value is 
determined and used, as is well-known in the art. For ease 
of implementation, it is desired to perform the median 
computation on a Sub-Sample, such as a 5x5 chessboard 
Sub-Sample Such as the following, in which pixels marked 
with an X are sampled and those marked with a 0 are not 
sampled: 

X O X () X 

O X () X () 

X O X () X 

O X () X () 

X O X () X 

0462 Gradient detectors are applied (step 478); this step 
is parallel to step 466, and is preferably similar to step 466 
except that a Sobel detector is used within the material. 
Sobel detectors are described above, particularly in refer 
ence to step 466. 
0463 Gradient normalization takes place (step 480), par 
allel to and preferably similar to the gradient normalization 
of step 468. 
0464) In step 482, gradient thresholding, similar to the 
thresholding in parallel step 470, is performed, and the color 
reports are unified. Unification of color reports in step 482 
is preferably similar to step 472. A report image, including 
unfiltered gradient defects, is thus produced. 
0465. A large area results filter is applied (step 484); this 
step is parallel to step 474. In step 484, preferably a 3x3 filter 
similar to that described above with reference to step 474 is 
first applied. Then, the result of the 3x3 filter is used to make 
a lager spread, such as a 9x9 spread, which is then similarly 
filtered based on thresholding of a weighted sum. Preferably, 
the 9x9 spread is subsampled after filtering, typically 
according to the following pattern, with X representing 
pixels that are sampled and 0 representing pixels that are not 
sampled: 
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-continued 
0 0 () () () () () () () 

O X () () X 0 O X () 

0 0 () () () () () () () 

Optionally, the result is then diluted when there is a report 
"cloud of clustered reports, with external reports defining 
the edge of the cloud not being diluted, while internal 
reports, are diluted, thus saving storage space by keep a 
smaller number of representative reports. 

0466 3. Merging of the sub resolution channel report and 
the full resolution channel report. 

0467. The sub resolution channel report and the full 
resolution channel report are merged (step 468). Merging is 
done by the following rules: 

0468 1. “Survival of the strongest', similar to that 
described above with reference to step 472. 

0469 2. When two reports have the same strength, that of 
the finer detector is used, according to the following order: 

local minima/maximatefull gradient>Sub gradient 

0470. In a typical implementation, each item in the final 
report comprises a 9 bit word, with a typical structure as 
follows: 

Field Bits Values/interpretation 

O Sub gradient 
1 full gradient 
2 local maximum 
3 local minimum 
O no report 
1 weak report 
2 strong report 
3 diluted report 
0 intensity oriented (color1) 
1 chromatic oriented (color2) 
0 wide area (within material) 
1 narrow area (close to material edge) 
O-7 (based on color classification) 

Report type 2 

Report strength 2 

Report color 1 

Wide Narrow 1 

Report material 3 

0471 Morphological Skeleton Production 

0472 Reference is now made to FIG. 27, which is a 
simplified flowchart illustration of a preferred method of 
operation of the line and space skeleton subunit 230 of FIG. 
1. The method of FIG. 27 comprises an erosion method, 
erosion methods in general being well known in the art. The 
line and space skeleton subunit 230 preferably receives as an 
input binary cels produced by binarization and cel produc 
tion subunit 200, preferably derived from monochrome 
image data. The steps of FIG. 27 preferably comprise the 
following: 

0473. The image undergoing erosion for skeleton pro 
duction pixel by pixel is traversed in predetermined X and 
Y scanning directions (step 490), such as, for example, left 
to right along each row in the X direction followed by top 
to bottom in the Y direction. 
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0474 For each pixel, erosion is performed, typically 
according to the 4 or 8 nearest neighbors of the pixel being 
eroded (step 492). Reference is now additionally made to 
FIGS. 28A and 28B, which are simplified pictorial illustra 
tions of an array of pixels, before and after partial erosion, 
useful in understanding the method of FIG. 27. In FIG. 28A 
a pixel being eroded 496, marked as A4, may be eroded in 
accordance with pixel values of either: 
0475 four horizontal and vertical neighbors 498, marked 
as A1, A3, A5, and A7; or eight nearest neighbors compris 
ing the four horizontal and vertical neighbors 496 and four 
diagonal neighbors 500, marked as A0, A2, A6, and A8. 
0476 Which nearest neighbors are chosen may vary 
according to the analysis being performed. Persons skilled in 
the art will appreciate that erosion based on four nearest 
neighbors favors the principal horizontal and vertical axes, 
while erosion based on eight nearest neighbors allows 
erosion along the diagonals as well. In principle, in order to 
allow more uniform erosion it would be preferable to erode 
both using four and using eight nearest neighbors, but in 
practice either one of four or eight nearest neighbors may be 
used. In either case, erosion is preferably from black pixels 
taken to have the value of 1 to white pixels taken to have the 
value of 0, it being appreciated that erosion from white to 
black and/or assigning of opposite values from those men 
tioned above to white and black pixels is also possible. 
Preferred erosion rules are as follows: 

0477 for four neighbors, set the central pixel 496 to 0 if 
any of the four horizontal and vertical neighbors 498 has a 
value of 0; and 
0478 for eight neighbors, set the central pixel 496 to 0 if 
any of the four horizontal and -vertical neighbors 498 or any 
of the diagonal neighbors 500 has a value of 0. 
0479. Preferably but not necessarily in the present inven 
tion, connectivity is preserved during erosion; that is, con 
nected black pixels-should stay connected and not be “bro 
ken” even after erosion. If connectivity is to be preserved, 
connectivity conditions, typically comprising Euler's con 
ditions, which are well known in the art, are applied (step 
494). Euler's conditions are geometric conditions which are 
meant to preserve connectivity if the Sum or score indicated 
by Euler's conditions is preserved before and after erosion. 
To preserve connectivity, erosion does not take place if 
Euler's conditions are violated. 

0480. Referring to FIG. 28B, pixels which have already 
been eroded 502 are indicated as P0, P1, P2, P3. The pixel 
being eroded 496 is preferably eroded only if the conditions 
mentioned above with respect to step 492 are fulfilled, and 
Euler's conditions are also fulfilled. Reference is now addi 
tionally made to FIG. 29, which is a simplified pictorial 
depiction of Euler's conditions. In FIG. 29, the number of 
occurrences of a plurality of patterns 504 is to be added and 
subtracted as indicated in FIG. 29 in order to obtain the sum 
which should be invariant before and after erosion. 

0481 Preferably, the method of FIG. 27 is implemented 
in custom hardware for efficiency of operation, as described 
above. It is appreciated that the method of FIG. 27 may be 
performed one or a plurality of times for each image, thus 
performing one or more stages of erosion. Preferably, the 
number of stages of erosion performed varies according to 
the maximum thickness of any feature being eroded, so that, 
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at the end of erosion, a skeleton of one pixel width is 
obtained. Each stage may be performed with 4 or 8 neigh 
bors, and with or without preserving connectivity, it being 
appreciated that use of 4 neighbors on Some erosions and 8 
neighbors on other erosions may aid in obtaining isotropy of 
erosion. 

0482 Reference is now made to FIGS. 30A-30C, which 
are simplified pictorial illustrations useful in understanding 
a preferred method of operation of the morphology subunit 
240 of FIG. 1. The morphology subunit 240 preferably 
receives an input from the line and space skeleton Subunit 
230 and an image of homogeneous color populations from 
the material identification 

0483. In FIG.30A an example of an image before erosion 
506 is depicted. In FIG. 30B, an example of a result of 
erosion of black 508 of the image before erosion 506 of FIG. 
30A, is depicted. In FIG. 30C, an example of a result of 
erosion of white 510 of the image before erosion 506, of 
FIG. 30A is depicted. 
0484) In FIGS. 30B and 30C, examples of typical mor 
phological events which are to be detected are shown as 
follows: open ends 512; junctions 514; and a blob junction 
516. 

0485) Reference is now made to FIGS. 31A-31C, which 
are simplified pictorial illustrations of operators, useful in 
understanding FIGS. 30A-30C. In a preferred embodiment 
of the present invention, examples of operators, also known 
as kernels, depicted in FIGS. 31A-31C may be applied, as is 
well known in the art to either the image of FIG. 30B or the 
image of FIG. 30C to detect morphological events. In FIG. 
31A open end kernel operators 518 are depicted. In FIG. 
31B, junction operators 520 are depicted. In FIG. 31C, a 
blob junction operator 522, which may be used for depicting 
“black” islands surround by white, is depicted. 
0486 It is readily appreciated that although shown with 
respect to a black and white image, or binary image, 
originating from the binarization and cel production subunit 
200, in accordance with a preferred embodiment of the 
present invention, regions and features in the eroded binary 
images shown in FIGS. 30B and 30C are correlated to 
homogeneous color populations. In this way particular fea 
tures, such as 512; junctions 514; and a blob junction 516 
may be related to homogeneous color populations, and by 
further correlation as described above, to the materials and 
material combinations represented by the respective homo 
geneous color populations. 
0487. Reference is now made to FIG. 32, which is a 
simplified flowchart illustration of a preferred method of 
color morphology analysis of an image. The method of FIG. 
32 is described, for purposes of simplicity of description, 
after the description of binary morphology analysis of an 
image, it being appreciated that the method of FIG. 32 might 
be, for example, implemented, at least in part, in the CLRP 
unit 120 of FIG. 1, in which color information is available. 
It is appreciated that the method of FIG. 32 is generally 
useful for color morphology analysis of an image, and may 
therefore be useful in other contexts of color image analysis 
as well, outside the specific scope of the CRLP unit 120 of 
FIG.1. It will be appreciated by persons skilled in the art that 
the method of FIG. 32 may be used for analysis of any 
appropriate optical characteristic of an image, and in par 
ticular that the method of FIG. 32 is not limited to mor 
phology analysis. 
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0488. The method of FIG. 32 preferably comprises the 
following steps: 

0489. A color material image is produced using color 
methods (step 523), typically as described above with ref 
erence to color processing. The color material image is 
preferably produced by material identification sub-unit 170, 
and each material is correlated to a homogeneous color 
population. It is readily appreciated that production of the 
color material image typically significantly reduces the 
number of different color populations relative to the number 
of populations in the color image data. 
0490 A gap is preferably created between materials (step 
524), typically by assigning an artificial color value to pixels 
in each area along each border between materials, in order 
to separate the material areas for further processing. A binary 
image is produced from the output of step 524 (step 525), 
typically using methods, such as thresholding, which are 
well known in the art. Alternatively, the color image may 
converted to a gray level monochrome image, by any 
conventional method known in the art, and provided to 
binarization and cel production sub-unit 200 which produces 
therefrom a binary image. 
0491. A skeleton method is performed on the output of 
step 525 (step 526); preferably, the method of FIG. 27 is 
used. Morphological events in the output step 526 are 
identified (step 527), preferably as described above with 
reference to FIGS. 30A-30C. 

0492. The morphological events are then correlated to 
homogenous color populations, for example by “coloring 
the features according the colors of corresponding locations 
in the underlying material image produced by step 523 
above (step 528). In accordance with a preferred embodi 
ment of the present invention, the coloring step is carried out 
by Superimposing the eroded skeleton image and the mate 
rial image so that the features in the skeleton image receive 
colors according to on of the colors of the homogeneous 
color populations in the Superimposed material image. 
0493 Thus, a color morphology image, comprising a 
morphology map having colors from the homogeneous color 
populations, or materials, assigned to features, is produced. 

0494 Nick and Protrusion Processing 
0495 Reference is now made to FIGS. 33A and 33B, 
which, taken together, comprise a simplified flowchart illus 
tration of a preferred method of operation of the nicks and 
protrusions subunit 220 of FIG. 1. The terms “nick” and 
“protrusion” refer to Small defects on an edge; a nick is a 
defect that extends into the edge, while a protrusion is a 
defect wherein the edge extends outward from its proper 
location. The nicks and protrusions subunit 220 of FIG. 1 is 
preferably operative to identify nicks and protrusions and to 
distinguish nicks and protrusions from normal features of an 
object whose image is being analyzed such as, for example, 
corners. It is appreciated that detection of nicks and protru 
sions is especially interesting in inspecting objects such as 
described herein, in which a multiplicity of small features 
having straight edges is present, and in which defects Such 
as nicks and protrusions are fairly common, and typically 
not desirable. 

0496 Reference is now additionally made to FIG. 35, 
which is a simplified pictorial illustration of a portion of an 
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image to be analyzed, useful for understanding the method 
of FIGS. 33A and 33B. The image of FIG.35 includes a nick 
800, a protrusion 810, a corner-in 815 and two corners-out 
820...all falling along an edge 830. In a preferred embodi 
ment of the present invention, nick and protrusion detection 
is based on analyzing edge contours which define borders 
between different materials, preferably by measuring an 
aperture of deviation among neighboring contour elements, 
and classifying Suspected defects by a change in an angle of 
a normal to the edge 830, as one travels along the edge 830. 

0497. It will be appreciated that nicks and protrusions 
have opposite profiles of angle change of the normal. Such 
that the nick 800 might be characterized as having an 
“in-out-in change, while the protrusion 810 has an “out 
in-out' angle change. The corner-in 815, on the other hand, 
has an “in-in-in' angle change, while the corners-out 820 
have an 'out' angle change. It is therefore appreciated than 
an appropriate method of measuring and analyzing normal 
angle changes should be capable of distinguishing between 
nicks, protrusions, and normal features such as corners. 

0498. The method of FIGS. 33A and 33B preferably 
includes the following steps: 

0499. It is appreciated that, for the sake of efficiency of 
operation, steps 840 and 930 (both described below) are 
preferably implemented in parallel, each of steps 840 and 
930 receiving cels to be analyzed as input. 

0500 Break detection is performed for each cel being 
analyzed in an image, typically for all cels in the image (step 
840). Step 840 preferably comprises the following steps 850, 
860, 870, 880, 890, 900, and 910: 

0501. At a cell being analyzed, the cel length and cel 
directed normal angle are measured (step 850). Referring 
back to FIGS. 9-11, it will be appreciated that there are 
preferably only a small predetermined number of possible 
cels, and therefore it may be preferred to determine cel 
length and cel angle from a LUT. 

0502. The following steps 870, 880, 890, 900, and 910 
are then preferably performed for each neighbor cel of the 
cel being analyzed (step 860). It is appreciated that each cel 
has only 4 neighbors since, referring again back to FIGS. 
9-11, it is appreciated a cel can only continue in the direction 
of one of the 4 neighbors and not in one of the 4 “corner 
directions. 

0503. The length of the neighbor cel is checked to make 
sure that the neighbor cel length is above a predefined 
threshold such as, for example, a threshold of 4 pixel (step 
870). If the neighbor cellength is not above the predefined 
threshold, processing continues with the next neighbor cel 
(step 880). 

0504 If the neighbor cellength is above the predefined 
threshold, neighbor cel directed normal angles are deter 
mined, preferably using a method similar to that described 
above with reference to step 850, and a break angle is 
computed (step 890). Reference is now additionally made to 
FIG. 34, which is a simplified pictorial illustration helpful in 
understanding step 890 of FIG. 33A. FIG. 34 depicts a cel 
891 and neighbor cels 892 and 893. Normals 894 and 895 to 
cels 892 and 893 respectively are shown. A break angle 896 
is then the break angle of the cel 891. 
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0505) A check is made as to whether the break angle is 
larger than a predetermined threshold such as, for example, 
a threshold of approximately 22 degrees. (step 900). If the 
break angle is not larger than the predetermined threshold, 
processing continues with step 880, referred to above. 
0506 If the break angle is larger than the predetermined 
threshold, a break is marked for the cel being analyzed (step 
910), typically in a suitable map. 
0507. In order to make sure that the region of cels around 
the cel being analyzed in step 840 is marked as having a 
problem, a break map spread is created thus effectively 
expanding the break report; that is, two neighboring pixels, 
comprising two pixels in which the cel being analyzed 
continues, are also marked as having a break (step 920). In 
expanding the break report, preferably no previous report 
recorded for a neighboring pixel is overwritten, in order 
prevent a reported break from being overwritten by the 
expansion of a neighboring break. 
0508 Break reports are then extracted (step 925) and 
passed on to step 980, described below. 
0509 Preferably in parallel to the above-described steps 
of FIG. 33A, feature characterization is performed for each 
cel being analyzed in an image, typically for all cels in the 
image (step 930). Step 930 preferably comprises the fol 
lowing steps 940, 950, 960, and 970: 
0510) A midpoint of the cel is determined (step 940). It 
will be appreciated, as described above, that since there are 
only a limited number of possible cels in each virtual cel 
pixel, it may be preferred and most efficient to find the cel 
midpoint via a LUT. 

0511 Two edge cels for the feature which the cel cur 
rently being analyzed is part of are determined within a 
spread around the cel being analyzed, typically within a 5 by 
5 array of virtual cel pixels centering around the cel being 
analyzed (step 950). It is appreciated that, for regions of 
efficiency of implementation, it would be desirable to deter 
mine the feature depth and aperture from the edge cels via 
a LUT, but a straightforward LUT implementation using a 5 
by 5 array would required 25 bits of LUT address, or 2 
entries, which is considered to be number of entries which 
is too difficult to process in practice. 
0512 A preferred method for finding the edge cels in step 
950 comprises the following. Reference is now additionally 
made to FIG. 36, which is a simplified pictorial illustration 
of an array of cel virtual pixels, useful in understanding step 
950 of FIG. 33B. In the example of FIG. 36, a cel currently 
being analyzed or central cel 951 is known. A first shoulder 
cel 952 and second shoulder cel 953 are to be determined. 

0513 Preferably, 3x3 connectivity analysis is first per 
formed on nine central virtual cel pixels 954, comprising the 
virtual pixel of the central cel 951 and the eight first order 
neighbors thereof. The purpose of the connectivity analysis 
is to assign a type to the contour being inspected, typically 
in accordance with the following: 

Connectivity type Connectivity code 

Main diagonal O 
Secondary diagonal 1 
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-continued 

Connectivity type Connectivity code 

Vertical 2 
Horizontal 3 
Upper left 4 
Upper right 5 
Bottom left 6 
Bottom right 7 
No connectivity 8 
Defective contour 15 (OFX) 

0514 Reference is now made to FIGS. 37A and 37B, 
which comprise simplified pictorial illustrations of examples 
of contours, helpful in understanding the above table. FIG. 
37A comprises an example of a defective contour, which is 
generally determined to exist when more than one contour is 
found. FIG. 37B comprises an example of an upper left 
contour, similar to that depicted in FIG. 36. 
0515 Preferably, analysis of connected components, 
such as connected cels, of the 16 edge virtual cel pixels 955 
is performed. Referring back to the example of FIG. 36, first 
and second contours are, for example, found in the 16 
edgevirtual cel pixels 955. The following logic is then 
preferably applied, where n represents the number of distinct 
contours found in the 16 edgevirtual cel pixels 955: 

l Operation 

0 or 1 unconnected contour found, do not report 
2 or 3 proceed as described below 
>3 report defective contour (space violation or nick/protrusion.( 

0516) Next, two contours of the contours previously 
found are selected as most likely to be connected together, 
preferably based on distance measures, so that the two 
contours closest to the central contour located in the nine 
central virtual cel pixels 954 are preferably used. 
0517 Preferably, the two cels of the two selected con 
tours which are closest to each other, according to Euclidean 
distance, are found and reported as the shoulders of the 
suspected contour. For example, the first shoulder cel 952 
and the Second shoulder cel 953 in FIG. 36 are determined 
by the above-described method. 
0518) Referring back to FIG. 33B, three characterizing 
points, based on the two edge cels determined in step 950 
and the midpoint determined in step 940, are, in a preferred 
embodiment of the present invention, transformed for sim 
plicity of further processing (step 960). It is appreciated that, 
in another embodiment of the present invention, step 960 
may be omitted, since step 960 is present primarily to aid in 
efficient computation. It is appreciated that the central cel 
may be characterized by 4 bits of information, while the two 
edge cels can each be characterized by 4 bits of location 
information and 4 bits of cel address information, for a total 
of 20 bits of information. By performing a rigid transfor 
mation to the three points, shifting the central cel. midpoint 
to the center of the central cel virtual pixel or to another 
appropriate fixed point whose location is known a priori, less 
data is needed. Typically, 4 bits of information may be 
omitted, thus requiring only 16 bits of information. 
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0519 Feature depth and aperture are now determined 
based on the transformed points as transformed in step 960 
(step 970). Preferably, the depth and aperture are determined 
via a LUT based on the 16 bits of information described 
above with reference to step 960, based on a depth mea 
surement from the bottom right corner of the central cel 
virtual pixel to a line connecting the first and last cels. 
Reference is now additionally made to FIG. 38, which is a 
simplified pictorial illustration of a typical example of a 
protrusion, showing a depth 971 and aperture 972 thereof. 
0520 Reference is now made to FIG. 39A, which is a 
simplified pictorial illustration of an array of virtual cel 
pixels, useful in understanding step 980 of FIG. 33B. The 
array of FIG. 39A comprises an inspected contour 981, 
having a central virtual cel pixel 982, a first shoulder 983, 
and a last shoulder 984. Reference is additionally made to 
FIG. 39B, which is a simplified pictorial illustration of the 
array of virtual cel pixels of FIG. 39A, showing locations of 
“in” and “out” break reports, denoted by “I” and “O'” 
respectively, associated with analysis of the inspected con 
tour 981. Preferably, only break reports 985, 986, and 987, 
corresponding respectively to the central pixel 982, the first 
shoulder 983, and the last shoulder 984, are input into step 
980, described below. 
0521) Step 980 preferably receives output both from step 
925 and from step 930, both described above. Preferably, in 
step 980 a result is determined based on the input received 
from steps 925 and 930 by implementing a decision table, 
typically comprising a LUT. The result of step 980 is 
preferably determined from an appropriate LUT. Typically, 
input to the LUT includes contour depth and aperture; and 
breaks recorded in the center of the contour and on the 
shoulders thereof, also referred to as central, first, and last 
breaks respectively. The results of the LUT typically com 
prise one of the following: nick; protrusion; corner, no 
report. The LUT implements an appropriate method, typi 
cally comprising a brute force decision method, comprising 
a series of logical operations leading to a decision. Preferred 
logical operations may be described in heuristics Such as, for 
example: 

0522 break sequence in-in-in indicates a corner but 
may be reported as a protrusion if its depth greatly 
exceeds a depth threshold Such as, for example, more 
than twice a depth threshold; 

0523 a break sequence in-out-in indicates a nick and 
will be reported as a nick if a minimal nick depth 
threshold is exceeded and 

0524 a break sequence of none-out-in is reported 
(where the term “none' refers to a case where no break 
is reported) only if its depth is great enough and its 
width is narrow enough. 

0525 Typically, depth thresholds are specific to the appli 
cation or to the type of object being examined, and might 
typically vary between 3/4 of a pixel and 2 or 3 pixels, while 
aperture threshold are typically 2.5 pixels in width. 
0526. The results of step 980 are preferably reported, the 
results comprising the report of nick/protrusion detection, 
and may be post processed to produce a report, typically 
comprising a trigger for Such post processing. The results, as 
described above, may typically comprise: nick; protrusion; 
corner, or no report. 
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0527. Reference is now made to FIGS. 39C and 39D, 
which are simplified flowchart illustrations of methods use 
ful in conjunction with the system of FIG. 1. The method of 
FIG. 39C comprises a method for producing a color mor 
phology map from a color image. The method of FIG. 39D 
comprises a method for determining color cels in a color 
image. The methods of FIGS. 39C and 39D are self 
explanatory in light of the above description. 

0528 Reference is now made to FIG. 40, which is a 
simplified pictorial illustration of an example of a patterned 
article Such as an electrical circuit, useful for understanding 
the operation of the present invention. The apparatus of FIG. 
40 is intended to provide a particular example of an object 
which may be analyzed using the present invention. The 
example of FIG. 40 is not meant to be limiting. 

0529. The apparatus of FIG. 40 comprises an electrical 
circuit 1000, comprising in the example of FIG. 40 a ball 
grid array (BGA) substrate. The BGA 1000, as is well 
known in the art, typically comprises: regions of copper 
conductor, regions of copper conductor which are covered 
by a partially transparent or translucent coating Such as a 
solder mask 1004, regions of bare substrate 1006, regions of 
Substrate covered by partially transparent or translucent 
solder mask 1008, regions of copper conductor coated with 
a metal plating such as gold, for example balls 1010 and 
power lines 1012. Additionally, some of the regions plated 
with gold may also be covered by partially transparent or 
translucent solder mask, such as covered balls 1014. 

0530. It is appreciated that each of the regions of different 
materials and materials combinations described hereinabove 
are characterized by a different distinguishing color popu 
lation. For example, regions of bare copper and gold plated 
copper are distinguishable by color. Solder-mask is typically 
green, and copper covered by solder mask will typically be 
light green, gold plated copper covered by Solder mask will 
be very light green, and Substrate covered by solder mask 
will be dark green. In the preferred embodiments of the 
invention described hereinabove, each of the different popu 
lations can be identified, and binary cels, color cels and color 
morphology features can be produced to represent each of 
the regions. 

0531. It will also be appreciated by persons skilled in the 
art that a patterned article as a BGA may be analyzed, 
including being analyzed for various Surface defects such as, 
for example, scratches 1016 and surface defects 1018, for 
example stains, pits, and other defects, using the present 
invention. 

0532. The inventors have found that it may be desirable 
to further process some regions of a BGA in an external 
processing step, regardless of whether a defect is detected in 
that area. For example, Some regions may be defined by a 
user, and some regions may be associated with particular 
features. Thus, for example, in some regions of interest at 
particular locations, such as regions of power-lines or balls, 
a snapshot image is preferably generated, and provided for 
additional image processing, regardless of whether any 
particular feature or defect is found in that region. Addi 
tionally and alternatively, upon the detection of certain 
features, for example an open end in a gold plated copper 
connector, regardless of where located on the BGA, a 
Snapshot image is preferably generated, and provided for 
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additional image processing, regardless of location or 
whether any particular defect is found with respect to the 
feature. 

0533. In order to identify features, a cel map may be 
generated, a part of which is shown in FIG. 40, which may 
be used for further processing. The cel map may identify 
both contours, and correlate each contour to the existence of 
a material on either side thereof, for example gold plated 
copper on one side and Substrate on the other side, as would 
be the result for power lines 1012. The cels are preferably 
operated on directly to detect nicks 1020 and protrusions 
1022. 

0534. Using the present invention, a morphology map is 
also generated, a part of which is shown in FIG. 40, in which 
a morphology skeleton is produced for the object. In the 
morphology map, a skeleton 1024 of the features is gener 
ated, and the skeleton 1024 is preferably correlated to a 
particular material. Thus, for example, features on skeleton 
1024, which represents a region of power line 1024 would 
be correlated to gold plated copper. 

0535 Referring back to FIG. 1, as described above the 
image analysis system 100 is preferably operative to analyze 
an input image and to pass results of the analysis on for 
further processing. Preferably, as further described in detail 
above with reference to FIGS. 1-40 for the various compo 
nents of the image analysis system 100, results of the 
analysis which are made available for further processing 
include: 

0536 1. information characterizing defects: surface 
defects; nick and protrusion defects; and defective color 
contour elements (cels). 
0537 2. information characterizing the article being 
expected: binary cels, a skeleton, skeleton features, a color 
skeleton, and color cels. 

0538 3. a snapshot, typically comprising a color RGB 
Snapshot, of an area around each region of interest, for 
example around each predetermined type of feature. Such as 
power lines 1012 and balls 1010 (FIG. 40), each user defined 
area, and each defect. 

0539. Without limiting the generality of the foregoing, 
each of the lists of results immediately above are typically 
output in separate data channels for further processing as 
desired. Preferably, the separate data channels comprise two 
physical channels as follows: 
0540 A first channel preferably includes the following 
reports and data: 
0541. A report of binary cels; 
0542 a report of color cels; 
0543 a report of morphological and skeleton features: 
and 

0544 a report of defects such as nicks and protrusions. 
0545) A second channel preferably includes the following 
reports and data: 

0546 A color defect report indicating reports of color 
surface defects from the COMRADD 190 and gray surface 
defects from the CABS unit 130; and 
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0547 a snapshot report including snapshots of regions of 
interest, for example, each region of reported defect, each 
morphological feature of interest and each user defined 
region of interest. 

0548. It is appreciated that various features of the inven 
tion which are, for clarity, described in the contexts of 
separate embodiments may also be provided in combination 
in a single embodiment. Conversely, various features of the 
invention which are, for brevity, described in the context of 
a single embodiment may also be provided separately or in 
any suitable Subcombination. 
0549. It will be appreciated by persons skilled in the art 
that the present invention is not limited by what has been 
particularly shown and described hereinabove. Rather the 
scope of the invention is defined only by the claims which 
follow: 

1. A system for identifying a Surface defect in an image of 
an object, the image comprising a multiplicity of pixels, the 
system comprising: 

choosing a region in which a surface defect is to be 
identified; 

Subsampling the region thereby producing a Subsampled 
image of the region; 

analyzing the Subsampling image and identifying there 
from a surface defect in the region. 

2. A system according to claim 1 and wherein said image 
comprises a color image of an electrical circuit. 

3. A system according to claim 1 and wherein said 
Subsampling comprises Subsampling non-adjacent pixels. 

4. A system according to claim 3 and wherein separation 
of non-adjacent pixels respective of adjacent pixels com 
prises a Subsampling ratio. 

5. A system according to claim 4 and wherein the Sub 
sampling ratio is between approximately 1:13 and approxi 
mately 1:49. 

6. A system according to claim 1 and wherein said 
Subsampling comprises Subsampling in accordance with an 
approximate average distance between Subsampled pixels. 

7. A system according to claim 6 and wherein said 
approximate average distance between Subsampled pixels is 
between approximately 5 pixels and approximately 11 pix 
els. 

8. A system according to claim 1 and wherein the Sub 
sampling step comprises Subsampling a portion of the 
region, and 

the Subsampling step is performed a plurality of times 
using a plurality of portions of the region. 

9. A system according to claim 8 and wherein at least two 
of the plurality of portions of the region comprise partially 
overlapping portions of the region. 

10. A system for identifying a Surface defect in an image 
of an object, the image comprising a multiplicity of pixels, 
the system comprising: 

a region selector selecting a region of an image in which 
a surface defect is to be identified; 
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a Subsample identifying a Subset of pixels in the region 
and generating from the Subset of pixels a Subsampled 
image of the region; and 

analyzing the Subsampled image to identify a surface 
defect in the region. 

11. A system according to claim 10 and wherein said 
image comprises a color image of an electrical circuit. 

12. A system according to claim 10 and wherein said 
Subsampler identifies a Subset of non-adjacent pixels. 

13. A system according to claim 12 and wherein a 
separation of non-adjacent pixels respective of adjacent 
pixels comprises a Subsampling ratio. 

14. A system according to claim 13 and wherein the 
Subsampling ratio is between approximately 1:13 and 
approximately 1:49. 

15. A system according to claim 10 and wherein said 
Subsampler identifies a Subset of pixels in accordance with 
an approximate average distance between pixels in the 
subset. 

16. A system according to claim 15 and wherein said 
approximate average distance between pixels in the Subset is 
between approximately 5 pixels and approximately 11 pix 
els. 
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17. A system according to claim 10 and wherein the 
Subsampler identifies a Subset of pixels corresponding to a 
portion of the region selected by the region selector, and 

the subsampler identifies different subsets of pixels for 
each of a plurality of different portions of the region. 

18. A system according to claim 17 and wherein at least 
two of the plurality of different portions of the region 
comprise partially overlapping portions of the region. 

19. Apparatus for identifying a surface defect in a region 
of an image of an object, the image comprising a multiplicity 
of pixels, the apparatus comprising: 

a Subsampling unit operative to Subsample the region in 
accordance with a Subsampling ratio, thus producing a 
Subsampled image of the region; 

a defect identification unit operative to identify a surface 
defect in the Subsampled image; and 

a correspondence unit operative to identify a surface 
defect in the region corresponding to the Surface defect 
in the Subsampled image. 

k k k k k 


