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€% (57) Abstract: This invention discloses a method for determining a location of a border in a color image, the image comprising
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
comprised 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 location method chosen
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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. An automated optical inspection
device suitable for inspection of patterned articles is also disclosed.
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OPTICAL INSPECTION SYSTEM
FIELD OF THE INVENTION

The present invention relates to apparatus and methods for analyzing
images, especially but not exclusively 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

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.

The following references describe image processing methods which may
be useful in understanding the present invention:

C. Gonzalez and P. Wintz, Digital Image Processing, Addison Wesley,
Reading, MA, 1987; and

John C. Russ, The Image Processing Handbook, CRC Press, 1994.

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

D. Marr and E. Hildreth, Theory of Edge Detection, Proceedings of the

Royal Society of London; and

M. Chapron, “A new chromatic edge-detector used for color image
segmentation”, 11" APR International Conference on Pattern Recognition.

The following references describe color image segmentation methods
which may be useful in understanding the present invention:

Philippe Pujas and Marie-Jose Aldon, “Robust Colour Image
Segmentation”, 7™ International Conference on Advanced Robotics, San Filiu de
Guixols, Spain, September 22, 1995, and

Leila Shararenko, Maria Petrou, and Josef Kittler, “Automatic Watershed
Segmentation of Randomly Textured Colour Images, IEEE.

US Patent 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.

US Patent 5,058,982 to Katzir describes an illumination system
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particularly useful for inspection of a workpiece by an optical scanner.

Israel Patent 81450, owned by Orbotech Ltd., Yavne, Israel, granted
January 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.

US Patent 5,586,058 to Aloni et al. describes apparatus and methods for
inspecting objects and detecting defects therein, including inspecting a binary level
representation of the object, inspecting a gray level representation of the object, and
preferably reinspecting the grayscale representation of the object to filter false alarms
and to classify defects. /

US Patent 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.

US Patent 5,774,573 to Caspi et al. 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 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.

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 conductor oxidation, using color.

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.

Methods which may be useful in image analysis are described in the

following publication:
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Dorin Comaniciu and Peter Meer, “Distribution Free Decomposition of
Multivariate Data”, SPR ‘98 Invited Submission, Department of Electrical and
Computer Engineering, Rutgers University, Piscataway, NJ 08855, USA.

The disclosures of all references mentioned above and throughout the

present specification are hereby incorporated herein by reference.

SUMMARY OF THE INVENTION

The present invention seeks to provide an improved apparatus and
method for visually inspecting objects and analyzing their images, especially but not
exclusively 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 particularly, applicable to analyzing images of a patterned object which includes a
plurality of elements that have characteristic optical attributes. Objects for which the
apparatus 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 patterned objects.

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, 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
divérsity of objects that can be inspected by the system, and generally reducing the
limitations thereof.

It is believed that improved color processing may be particularly
effective in analyzing images of multi-colored 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
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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.

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 methods 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 photoresist residue; voids in a
metal coating; surface irregularities; 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 inspection and image analysis for many different materials
and materials combinations on objects, such as BGAs, under inspection.

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 distinguished by
distinguishing the colors and optical characteristics thereof. It is particularly noted in
this regard that different substances, including different metals, and materials 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.
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The present invention also seeks to provide improvements in processing
of monochrome images, especially in applications similar to those mentioned above
with respect to color images.

There is thus provided in accordance with a 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 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 location method chosen from among a
plurality of border location methods, choosing one method from among the plurélity 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.

Further in accordance with a preferred embodiment of the present
invention the color image includes an image of a patterned article.

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

Additionally in accordance with a preferred embodiment of the present
invention the color image includes a color image of a lead frame.

Moreover in accordance with a preferred embodiment 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.

Further in accordance with a preferred embodiment of the present
invention the preferred border location method is chosen based on comparison of the

border location result from applying at least two border location methods.
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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 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, 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 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.

Further in accordance with a preferred embodiment of the present
invention the color image includes an image of a patterned article.

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

Additionally in accordance with a preferred embodiment of the present
invention the color image includes a color image of a lead frame.

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

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

Still further in accordance with a preferred embodiment 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
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border analysis map, for identifying the location of a border between the two color
populations associated with the two color regions.

Additionally in accordance with a preferred embodiment of the present
invention the method also includes defining a window having a window size, examining
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.

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

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 associated with the color defining characteristic.

Still further in accordance with a preferred embodiment of the present
invention the performing an edge locating method in a component includes performing a
sub-pixel contour-element locating method.

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.

Moreover in accordance with a preferred embodiment 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 component, and

a B component.
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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 [ component.

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.

Further in accordance with a preferred embodiment of the present
invention the assigning step includes assigning a color population as a function of the
spatial location of a portion of the skeleton relative to the color population.

Still further in accordance with a preferred embodiment of the present
invention the assigning step further includes superimposing the skeleton image on the
reduced image.

Additionally in accordance with a preferred embodiment of the present
invention the color image includes a 24 bit color image.

Moreover in accordance with a preferred embodiment of the present
invention the reduced image includes a 3 bit image, and the plurality of color
populations includes at most 8 color populations.

Further in accordance with a preferred embodiment of the present
invention the determining step includes determining borders to an accuracy of one pixel.

Still further in accordance with a preferred embodiment of the present
invention the method also includes identifying the presence of at least one
morphological feature based, at least in part, on a result of the method.

Additionally in accordance with a preferred embodiment of the present

invention the color image includes an image of an patterned article.
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Moreover in accordance with a preferred embodiment of the present
invention the patterned article includes an electrical circuit.

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 segment being surrounded by two color
populations, and for each border segment, assigning a value to the border segment
based, at least in part, on the two color populations surrounding the border segment.

Further in accordance with a preferred embodiment of the present
invention the color image includes a 24 bit color imagé.

Still further in accordance with a preferred embodiment of the present
invention the reduced image includes a 3 bit image.

Additionally in accordance with a preferred embodiment of the present
invention the determining step includes determining borders to an accuracy of one pixel.

Moreover in accordance with a preferred embodiment of the present
invention the determining step includes determining borders to an accuracy of less than
one pixel.

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.

Still further in accordance with a preferred embodiment of the present
invention the color image includes an image of an patterned article.

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

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
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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.

Further in accordance with a preferred embodiment of the present
invention the image includes an image of a patterned article.

Still further in accordance with a preferred embodiment of the present
invention the image includes an image of an electrical circuit.

Additionally in accordance with a preferred embodiment of the present
invention the local normal difference includes a difference in direction of more than a
predetermined angle.

Moreover in accordance with a preferred embodiment of the present
invention the predetermined angle includes an angle of approximately 22 degrees.

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 associated with one pixel.

Still further in accordance with a preferred embodiment of the present
invention each pixel included in the smooth curve is associated with one of the ordered
plurality of points.

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.

Moreover in accordance with a preferred embodiment 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.

Further in accordance with a preferred embodiment of the present

. invention the method also includes determining a feature depth and feature aperture for

10
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the irregularity, and classifying the feature based, at least in part, on a result of the
determining step.

Still further in accordance with a preferred embodiment of the present
invention the classifying includes classifying into one of a predetermined set of
categories including at least one of the following categories: a nick, a protrusion, and a
contour.

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.

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.

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

Still further in accordance with a preferred embodiment of the present
mvention the classifying includes classifying into one of a predetermined set of
categories including at least one of the following categories: a nick, a protrusion, and a
contour.

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 direction 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.

Further in accordance with a preferred embodiment of the present

invention the object includes an electrical circuit.

11
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Still further in accordance with a preferred embodiment of the present
invention the excluded direction includes a direction perpendicular to the edge.

Additionally in accordance with a preferred embodiment of the present
invention the defect includes a scratch.

Moreover in accordance with a preferred embodiment of the present
invention the defect includes a stain.

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 including 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 subsampled image and
identifying therefrom a surface defect in the region.

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

Still further in accordance with a preferred embodiment of the present
invention the subsampling includes subsampling non-adjacent pixels.

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

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

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

Still further in accordance with a preferred embodiment of the present
invention the approximate average distance between subsampled pixels is between
approximately 5 pixels and approximately 11 pixels.

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.

12
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Moreover in accordance with a preferred embodiment of the present
invention at least two of the plurality of portions of the region include partially
overlapping portions of the region.

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 n x n 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 following steps
for each one pixel in the n x n 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 n x n 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 result of applying a Gaussian
operator to the central pixel, and dividing the sum by the square of (n+1) to produce a
result.

Further in accordance with a preferred embodiment of the present
invention n is equal to 3.

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 n x n array of
values, wherein n is an odd integer and the central value of the n x n 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.

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

determining the presence of a local extremum based on a result of the comparing step.

13
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Still further in accordance with a preferred embodiment of the present
invention the determining includes determining with less than complete certainty.

Additionally in accordance with a preferred embodiment of the present
invention n is equal to 5.

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 polychromatic 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 inspection 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.

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 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.

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.

Still 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.

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
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modalities: detection of voids in the metal coating, 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.

Moreover 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, 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.

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.

Still 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.
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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 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.

Moreover 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 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.

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

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

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

Moreover in accordance with a preferred embodiment of the present
invention the electrical circuit includes a ball grid array substrate.

Further in accordance with a preferred embodiment of the present
invention the patterned article comprises a lead frame.

Still further in accordance with a preferred embodiment of the present
invention the metal coating includes a metal plating.

Additionally in accordance with a preferred embodiment of the present
invention the elements include balls in the ball grid array substrate.

Moreover in accordance with a preferred embodiment of the present

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

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 polychromatic image output
of at least a portion of an article, and processing circuitry receiving the polychromatic
image output and providing edge detection to sub-pixel accuracy operative to
distinguish borders among regions of different color.

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 associated 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.

Still further in accordance with a preferred embodiment 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 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 associated with the color defining
characteristic.

Additionally in accordance with a preferred embodiment of the present
invention the edge locating method includes a sub-pixel contour-element locating
method.

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
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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.

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.

Still further in accordance with a preferred embodiment of the present
invention the processing circuitry provides mapping based at least partially on the image
output which identifies materials in each of the different regions having a common
border.

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.

Further in accordance with a preferred embodiment of the present
invention the processing circuitry is operative to sub-pixel accuracy.

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 functionalities
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
possibilities, 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.

18



10

15

20

25

30

WO 01/07893 PCT/IL00/00434

Further in accordance with a preferred embodiment of the present
invention the processing circuitry is operative 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.

Still further in accordance with a preferred embodiment 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.

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 processing 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 representing each
color region in the image, and border data for representing each border among color
regions.

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.

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

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

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

Moreover in accordance with a preferred embodiment of the present

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

" Still further in accordance with a preferred embodiment of the present
invention the patterned article includes a lead frame.

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

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

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

Still further in accordance with a preferred embodiment of the present
invention the patterned article includes an engraved metal substrate.

There is also provided in accordance with another preferred embodiment
of the present invention an automated optical inspection device suitable for inspeétion
of an article including at least one detector providing a polychromatic image output of at
least a portion of an article, and processing 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.

Further in accordance with a preferred embodiment of the present
invention colors of portions of the morphologically eroded polychromatic image
indicate materials at various regions of the article.

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.

Further in accordance with a preferred embodiment of the present
invention colors of portions of the map indicate materials at the different regions.

Still further in accordance with a preferred embodiment of the present
invention each color includes one color from a predetermined possibility of colors.

Additionally in accordance with a preferred embodiment of the present

invention the patterned article includes an electrical circuit.
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Moreover in accordance with a preferred embodiment of the present
invention the elements include conductors in the electrical circuit.

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

Still further in accordance with a preferred embodiment of the present
invention the electrical circuit includes a ball grid array substrate.

Additionally in accordance with a preferred embodiment of the present
invention the patterned article includes a lead frame.

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

Further in accordance with a preferred embodiment of the present
invention the elements include balls in the ball grid array substrate.

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

Additionally in accordance with a preferred embodiment of the present
invention the patterned article includes an engraved metal substrate.

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 processing 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.

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.

Still further in accordance with a preferred embodiment of the present
invention the processing circuitry receives the image output and provides border

indication to sub-pixel accuracy.
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Additionally in accordance with a preferred embodiment of the present
invention each color includes a color chosen from among a predetermined possibility of
colors.

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

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

Still further in accordance with a preferred embodiment of the present
invention the electrical circuit includes a ball grid array substrate.

Additionally in accordance with a preferred embodiment of the present
invention the patterned article includes a lead frame. |

Moreover in accordance with a preferred embodiment of the present
invention the different materials include different metals.

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.

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

Additionally in accordance with a preferred embodiment of the present
invention the patterned article includes an engraved metal substrate.

There is also provided in accordance with another preferred embodiment
of the present invention an automated optical inspection device suitable for inspection
of a patterned 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.

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

Still further in accordance with a preferred embodiment of the present

invention the electrical circuit includes a printed circuit board.

22



10

15

20

25

WO 01/07893 PCT/IL00/00434

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

Moreover in accordance with a preferred embodiment of the present
invention the patterned article includes a lead frame.

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

Still further in accordance with a preferred embodiment of the present
invention the patterned article includes an engraved metal substrate.

There is also provided in accordance with another preferred embodiment
of the present invention an automated optical inspection device suitable for inspection
of a patterned 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
relating to the borders to provide an indication of the presence of nicks and protrusions
along the borders.

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

Still further in accordance with a preferred embodiment of the present
invention the patterned article includes a printed circuit board.

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

Moreover in accordance with a preferred embodiment of the present
invention the patterned article includes a lead frame.

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

Still further in accordance with a preferred embodiment of the present
invention the materials include materials from the following group uncoated metal
conductors, coated material conductors, uncoated substrate, coated substrate.

Additionally in accordance with a preferred embodiment of the present

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

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 fo 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 identifying a point of the
ordered plurality of points as being part of an irregularity including one of a nick and a
protrusion 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.

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 processing circuitry receiving the image output and providing at least one
of the following inspection functionalities: segmentation 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.

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

Still further in accordance with a preferred embodiment 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.

There is also provided in accordance with another preferred embodi‘ment
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
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between the materials, and processing circuitry receiving the polychromatic image
output and providing at least one of the following inspection functionalities:
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.

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

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

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

Moreover in accordance with a preferred embodiment of the present
invention the article includes a lead frame.

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 processing circuitry receiving the image output and providing at least one
of the following inspection functionalities: segmentation 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 séme of the border image data.

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

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

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

Moreover in accordance with a preferred embodiment of the present

invention the article includes a lead frame.
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There is also provided in accordance with another preferred embodiment
of the present invention an automated optical inspection device suitable for inspection
of an electrical 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 indication of the presence
of at least one predetermined material.

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

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

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

Moreover in accordance with a preferred embodiment of the present
invention the processing circuitry provides an output indication of the presence of at
least two materials out of a group of at least three predetermined materials.

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 predetermined materials.

Still further in accordance with a preferred embodiment of the present
invention the processing circuitry provides an output indication of the presence of
copper.

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

Moreover in accordance with a preferred embodiment of the present
invention the processing circuitry provides an output indication of the presence of a
solder mask material.

Further in accordance with a preferred embodiment of the present
invention the processing circuitry provides an output indication of the presence of silver.

Still further in accordance with a preferred embodiment of the present
invention the processing circuitry provides an output indication of the presence of

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

Moreover in accordance with a preferred embodiment of the present
invention the image output represents a portion of the electrical circuit as viewed
through a translucent overlay.

There is also provided in accordance with another preferred embodiment
of the present invention an automated optical inspection device suitable for inspection
of a patterned 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.

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

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

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

Moreover in accordance with a preferred embodiment 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.

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
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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 preferred 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.

There is also provided in accordance with still 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 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.

There is also provided in accordance with yet another preferred
embodiment of the present invention apparatus 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 including 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
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assigning unit operative to assign to each portion of the skeleton a color identity
corresponding to one of the color populations.

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 identify 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.

There is also provided in accordance with still another preferred
embodiment of the present invention apparatus 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,

There is also provided in accordance with yet another preferred
embodiment of the present invention apparatus 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.

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 subsample the region in accordance with a subsampling

ratio, thus producing a subsampled image of the region, a defect identification unit
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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.

There is also provided in accordance with still another preferred
embodiment of the present invention a method for inspection of patterned articles
including providing 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: inspection 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.

There is also provided in accordance with yet another preferred
embodiment of the present invention a method for inspection of patterned articles
including providing 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.

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 detection to sub-pixel accuracy
operative to distinguish borders among regions of different color.

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 distinguished 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.

There is also provided in accordance with yet another preferred

embodiment of the present invention a method for inspection of an article including
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providing an image output of at least a portion of an article, and 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.

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
including a plurality of color regions each having one of a plurality of representative
color possibilities, 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.

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.

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.

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
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an inspection functionality including binarization of the image output to provide a
binary image including region image data and border image data.

There is also provided in accordance with still 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
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.

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: segmentation 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 techhique.

There is also provided in accordance with another preferred embodiment
of the présent 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
functionalities: 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.

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
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providing at least one of the following inspection functionalities: segmentation 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.

| 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.

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 providing an output indication which is independent of the translucent
overlay.

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.

There is also provided in accordance with yet another preferred
embodiment of the present invention apparatus for automatically optically inspecting
color images of objects, including a sensor operative to acquire polychromatic images of
an object, an image processor operative to process the polychromatic images and output
a report indicating 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.

Further in accordance with a preferred embodiment of the present

invention the processor includes a binary image processor operative to process binary
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images generated from the polychromatic image, and a color image processor operative
to process the polychromatic images.

Still further in accordance with a preferred embodiment 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

The present invention will be understood and appreciated more fully
from the following detailed description, taken in conjunction with the drawings in
which:

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;

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;

Fig. 3 is a simplified flowchart illustration of a preferred method of a
portion of the apparatus of Fig. 2;

Fig. 4 is a simplified flowchart illustration of a preferred method of
operation of the region expanding unit 173 of Fig. 2;

Figs. 5 and 6 are simplified pictorial illustrations of a preferred 5 x 5
large kernel and a preferred 3 x 3 corresponding small kernel, respectively;

Fig. 7 is a simplified block diagram illustration of a preferred
implementation of the contourization unit 175 of Fig. 2;

Fig. 8 is a simplified flowchart illustration of a preferred method of
operation of the best contour selector 178 of Fig. 7;

Figs. 9 - 11 are simplified pictorial illustrations of preferred cel
construction and nomenclature, useful in understanding the present invention;

Fig. 12 is a simplified block diagram illustration of a preferred

implementation of the color surface defects subunit 190 of Fig. 1;
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Fig. 13 is a simplified flowchart illustration of a preferred method of
operation of the colorl/color2 creation unit 400 of Fig. 12; ’

Fig. 14 is a simplified block diagram illustration of a preferred
implementation of a first portion of the directional enable images creator 402 of Fig. 12;

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;

Fig. 16 which is a simplified flowchart illustration of a preferred method
of operation of the okdir map computation unit 416 of Fig. 14;

Fig. 17 is a simplified flowchart illustration of a preferred
implementation of step 418 of Fig. 16;

Fig. 18 is a simplified flowchart illustration of a preferred
implementation of step 419 of Fig. 16;

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

Fig. 20 is a table showing okdir values, corresponding directions of
measurement, and a preferred gradient operator for measuring, useful in understanding
the method of Fig. 18;

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;

Fig. 22 is a simplified pictorial illustration of a preferred choice of
predetermined pixels, useful in understanding the method of Fig. 21;

Fig. 23A is a table illustrating preferred heuristics for use in step 462 of
Fig. 21;

Fig. 23B is a simplified pictorial illustration showing a naming
convention for the 9 pixels of the 3 x 3 virtual spread, useful in understanding Fig. 23A;

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

Fig. 25 is a simplified flowchart illustration of a preferred
implementation of step 464 of Fig. 24;
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Fig. 26 is a simplified flowchart illustration of a preferred
implementation of a portion of step 470 of Fig. 24;

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

Figs. 28A and 28B are simplified pictorial illustrations of an array of
pixels, before and after partial erosion, useful in understanding the method of Fig. 27;

Fig. 29 is a simplified pictorial depiction of Euler’s conditions, useful in
understanding the method of Fig. 27;

Figs. 30A - 30C are simplified pictorial illustrations useful in
understanding a preferred method of operation of the morphology subunit 240 of Fig. 1;

Figs. 31A - 31C are simplified pictorial illustrations of operators, useful
in understanding Figs. 30A - 30C;

Fig. 32 is a simplified flowchart illustration of a preferred method of
color morphology analysis of an image;

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;

Fig. 34 is a simplified pictorial illustration helpful in understanding step
890 of Fig. 33A;

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;

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;

Figs. 37A and 37B are simplified pictorial illustrations of examples of
contours;

Fig. 38 is a simplified pictorial illustration of a typical example of a
protrusion;

Figs. 39A and 39B are simplified pictorial illustrations of an array of
virtual cel pixels, useful in understanding step 980 of Fig. 33B;

Figs. 39C and 39D are simplified flowchart illustrations of methods

useful in conjunction with the system of Fig. 1; and
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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

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 appreciated 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 illustrating the present invention, the term BGA as
used in the present specification shall be deemed to refer to and additionally 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 various etched and engraved metal substrates as may
be used in medical implants.

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, including 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”.
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The input image to be analyzed typically comprises a color image in an
appropriate color format, as is well 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.

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 a software
image processing unit, or for reporting directly to an operator by way of an appropriate
application interface.

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.

The image analysis system 100 preferably comprises a color processor, or
“CLRP” unit 120, which preferably receives color information about the input image
and is preferably operative, as described further below, to analyze the input image based
on the received color information.

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
information 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.

The image analysis system 100 also preferably comprises a SKFD unit
140, which preferably receives as input an output, described further below and typically
comprising binarization information, from the CABS unit 130, and color information

from the CLRP unit 120. The SKFD unit 140 is preferably operative, as described
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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.

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.

Preferably the image analysis system 100 generates a number of reports,
which include information about various 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 Application 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.

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.

The CLRP unit 120 preferably comprises the following subunits:

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
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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.

2. A material contours subunit 180 which preferably 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.

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.

3. A color surface defects subunit 190 which preferably 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.

The CABS unit 130 preferably comprises the following subunits:

1. A binarization and cel production subunit 200 which preferably
receives the monochrome image data input 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,
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and is operative to derive therefrom binary information representing a binary image
corresponding 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 information 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.

The term “binary” in all of its forms, as used throughout the present
specification and claims and particularly 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.

2. A nicks and protrusions unit 220 which preferably receives the cel
information output by the binarization and cel production unit 200 and is preferably
operative to derive therefrom information about small border irregularities, 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.

3. A gray small defects subunit 210 which preferably 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 US Patent

41



10

15

20

25

30

WO 01/07893 PCT/IL00/00434

5,586,058 to Aloni et al., referred to above, the disclosure of which is hereby
incorporated herein by reference.

The SKFD unit 140 preferably comprises the following subunits:

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 consumption 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.

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 features as output. A preferred method of operation of the morphology
subunit 240 is described in more detail below with reference to Figs. 30A - 30C.

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

A population of pixels which have largely homogeneous 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 population.

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.

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
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comprising only the green component may be considered, for the sake of simplicity of
processing and description, 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”,

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 component, 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.

Preferred prior art methods which may be used in determining an edge in
a grayscale image, including determination 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 function. Typical prior art methods are described in the following US Patents,
the disclosures of which are hereby incorporated herein by reference:

1. US Patent 5,774,572 to Caspi, which 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
pixels having oppositely signed intensity values.

2. US Patent 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 Gaussian 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.
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Color Image Processing

Reference is now made to Fig. 2, which is a simplified block diagram
illustration of a preferred implementation of the material identification subunit 170 and
the material contours subunit 180 comprised in the CLRP unit 120 of Fig. 1.

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 conductor, 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.

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.

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 appreciated, 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.

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
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subunit 170, an indication of borders between areas of homogenous color populations,
said borders preferably being identified at a subpixel level.

The apparatus of Fig. 2 preferably comprises the following:

1. a material classification unit 171;

2. acolor edge detector 172;

3. aregion expanding unit 173;

4. a cel construction unit 174; and

5. a contourization unit 175.

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 preferred 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.

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
representative image using methods well known in the art. It is appreciated that a
number of appropriate methods of analyzing 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 disclosure 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 Engineering, Rutgers University, Piscataway,
NI 08855, USA.

The materials classification unit 171 preferably outputs classified
materials information indicated an assignment of each pixel in the input image to a

particular material.
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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 components, and then a
combined result is derived as explained below.

Sobel edge detection is well known in the art. The magnitude of the
gradient of a function ¢ is given by the sum of the magnitudes of the partial derivatives
of ¢ in the x and y directions, which is approximated in Sobel estimation at a point (i.j)
as follows:
| 9(i-13-1) + 29(1J-1) + @(i+1,j-1) - (9(-1,j+1) + 20(i,j+1) + @(i+1,j+1)) | +
| 9(-1j-1) + 20(-1,j) + @(i-1,j+1) - (@(i+1,j-1) + 20(i+1,)) + @(i+1,j+1)) |

Sobel edge detection in the present invention preferably uses a circular 3
X 3 edge detector and, via image convolution, calculates a 2D gradient magnitude as a
sum of absolute values of vertical and horizontal gradient components, in accordance
with the above formula. Typically, the following kernels may be used for image
convolution:

1. Vertical gradient kernel:

-1 0 1
-2 0 2
-1 0 1

2. Horizontal gradient kernel:

1 2 1
0o 0 0
1 2

The color edge detector 172 then preferably computes a color edge as a
weighted sum of H, S, and I component gradients as follows:
|Gcoror| = (|Gu| Relevance(T)WeightH +
|Gs|Relevance(I)WeightS + |G| Weghtl)
where:

GceoLor 1s the color edge;
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G is the gradient of hue;

Gs is the gradient of saturation;

G 1s the gradient of intensity;

Relevance(]) is a color relevance weight function of intensity;

WeightH is a weight for the hue component;

WeightS is a weight for the saturation component; and

Weightl is a weight for the intensity component.

Further discussion of the factors mentioned immediately 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.

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.

Referring back to Fig. 2, the region expanding unit 173 preferably
receives the outputs produced by the material classification unit 171, comprisihg
classified materials information, 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
identified by the material classification unit as far as possible, so that the borders
between homogeneous color populations are as narrow as possible.

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
following steps:

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).
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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.

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.

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 gradient, the first appearing
of the more than one neighboring pixels having the smallest gradient is chosen and used.

A check is made as to whether all pixels have now been classified (step
380); if so, the method of Fig. 4 preferably concludes.

If at least one unclassified pixel remains unclassified, the current gradient
level is incremented (step 390), and execution of the method of Fig. 4 continues with
step 350.

It is appreciated, as stated above, that most components of the system of
Fig. 1, including the apparatus of Fig. 2, are preferably implemented in hardware for
optimum 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
hardware implementation of software algorithms.

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.

Appropriate apparatus and methods for making such a sub-pixel

determination in a gray scale image are described in US Patent 5,774,572 to Caspi and
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US Patent 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.

As is well known in the art, particularly in the Caspi patents referred to
above, convolution with an appropriate 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 3 x 1,5 x 1, and 5 x 3
kernels. Reference is now additionally made to Figs. 5 and 6, which show examples of a
preferred 5 x 5 large kernel and a preferred 3 x 3 corresponding small kernel,
respectively. Figs. 5 and 6 are self-explanatory.

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.

Reference is now additionally made to Fig. 7, which is a simplified block
diagram illustration of a preferred implementation of the contourization unit 175 of Fig.
2. The apparatus of Fig. 7 preferably comprises the following:

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

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

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.
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In determining a border in the best contour selector 178 it is appreciated
that it is generally difficult or impossible 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.

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. 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.

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.

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
segment 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 edge index into a table indicating which materials are on each

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
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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

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.

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.

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.

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 0
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In the immediately preceding list of edge codes, it is appreciated that
code 6 represents a saddle and code 7 represents “no cel”.

The first and last edges of a cel, according to the numbering system of
Fig. 10, may be determined from the following:
edge code  number of number of

firstedge  last edge

0 0 1
1 0 2
0 0 3
3 1 2
4 1 3
5 2 3
6 2 3
7 undefined undefined

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.

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 homogeneous 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 analyzed to ascertain the shape
and location of various coatings, such as partially transparent overlays, and output defect

reports when detected as being defective.
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Surface Defect Detection

Reference is now made to Fig. 12, which is a simplified block diagram
illustration of a preferred implementation 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.

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, irregularities 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:

- 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 .

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

Defects may also be classified in other ways, such as:

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

- 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.

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
contours subunit 180, described above. Preferably, the apparatus of Fig. 12 achieves its

results using multi-resolution detecting, applying chromatic and achromatic detectors in
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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 defects. Preferably, the surface defects are considered
candidate 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.

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 information as produced by the material contours unit 180.

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 software and
general purpose hardware.

The apparatus of Fig. 12 preferably comprises the following units:

1. A colorl/color2 creation unit 400 which preferably receives the color
information and the material information and is preferably operative to derive therefrom
two derived color images, known herein as colorl and color2.

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 colorl 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 colorl 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).

Reference is now additionally made to Fig. 13, which is a simplified

flowchart illustration of a preferred method of operation of the colorl/color2 creation
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unit 400 of Fig. 12. The method of Fig. 13 is self-explanatory with reference to the
above discussion.

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.

Strong gradients are generally measured on material 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 measurement 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 “sub okdir” map is used for sub
resolution measurement.

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 Sth 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 shrinking. In this way, low contrast defects may
become more apparent.

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.

3. and 4. Multi-resolution gradient measuring apparatus comprising a sub

resolution channel low contrast defect detector 404 and a full resolution channel high
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contrast defect detector 406, each preferably receiving the colorl 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

operative 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 color] 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 colorl and

color2 images. Thus, preferably a total of six detectors are employed.

5. A channel reports merger 408 which is preferably 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.

Reference is now made to Fig. 14, which is a simplified block diagram
illustration of a preferred implementation 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.

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.

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 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 considered. The
virtual cel pixels 700, 710, 720, and 730 are typically numbered 0, 1, 2, and 3

respectively according to their position.
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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
0 700 0
1 710 1
2 720 4
3 730 5

Referring back to Fig. 14, the apparatus of Fig. 14 preferably comprises a
morphology control unit 412, typically 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.

Preferably, each erosion step is carried out according to an erosion key
having a value; one possible example of an erosion key value is as follows: “0C CCCT
CCO00”. 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

0 do not erode, output=input

S save, do not consume open ends
C do not break connectivity

N allow breaking of connectivity
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T smooth edge by eating small protrusions

Preferably, all of the erosion operators comprise orthogonal operators,
that is, operators that consume a central pixel if one of the central pixel’s four first order
neighbors is already eaten. It is appreciated that the enable2 map is preferably produced
by operations “0C”, the enable6 map by further operations “CCCT”, and the enable10
map by further operations “CC00”. It will be appreciated by persons skilled in the art
that the “0” erosion steps are preferably included for ease of certain hardware
implementations.

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 determination of
edge detection at a greater distance from the edge; preferably, an okdir-envelope of up to
10 pixels width may be created.

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:

A relevant enable image, from among the 3 enable images, is determined
(step 418).

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:

- envelop pixels: pixels that reside on the borders of a 5 x 5 matrix;

- okdir address: envelop and map code, as described below;

- 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 accordance with the method of Fig. 17;

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

code interpretation
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00 central pixel is an edge pixel

01 envelop taken from enable2 image
02 envelop taken from enable6 image
03 envelop taken from enable10 image

The method of Fig. 17 preferably receives as input the 3 enable images
comprising the enable2 image, the enable6 image, and the enablel0 image and
preferably comprises the following steps:

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 O (step 422); that is, both envelop
and map code are set to 0, and the method of Fig. 17 terminates.

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.

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.

Otherwise, envelop is set equal to the enable10 envelop and map code is
set equal to 03 (step 432).

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.

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 implementation of step 419 of Fig. 16. The method of Fig. 18
preferably includes the following steps:

A check is made as to whether okdir address equals 0 (step 434); if so,
okdir is also set equal to 0 (step 436).
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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 hexa