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AUTOMATIC VISUAL INSPECTION SYSTEM 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifi 
cation; matter printed in italics indicates the additions 
made by reissue. 

RELATED APPLICATIONS 

This application is a continuation-in-part of application 
Ser. No. 061,344 filed May 17, 1993, now U.S. Pat. No. 
5,774,572, which is a continuation of application Ser. No. 
961,070 filed Oct. 14, 1992 (now abandoned), which is a 
continuation of application Ser. No. 804,511 filed Dec. 10, 
1991 (now abandoned), which is a continuation of applica 
tion Ser. No. 684,583 filed Dec. 20, 1984 (now abandoned). 
The Subject matter in the parents of the present application 
is hereby incorporated by reference. 

TECHNICAL FIELD OF THE INVENTION 

This invention relates to automatic visual inspection 
Systems, and more particularly to Systems for inspecting 
printed circuit boards, hybrid boards, and integrated circuits. 

BACKGROUND OF THE INVENTION 

In its simples form, a printed circuit board or panel 
comprises a non-conductive Substrate on one or both sur 
faces of which are deposited conduit tracks or lines in a 
pattern dictated by the design of the electronic equipment 
Supported by the board. More complex boards are con 
Structed by laminating a number of single panels into a 
composite or multi-layered board; and the use of the latter 
has increased dramatically in recent years and an effort to 
conserve Space and weight. 
AS component size has shrunk, component density on 

boards has increased with the result that line size and 
Spacing have decreased over the years. Because of the “fine 
geometry of modern boards, variations in line width and 
Spacing have become more critical to proper operation of the 
boards. That is to say, minor variation in line thickness or 
Spacing have a much greater chance to adversely affect 
performance of the printed circuit board. As a consequence, 
Visual inspection, the conventional approach to quality 
control, has employed visual aids, Such as magnifiers or 
microScopes, to detect defects in a board during its manu 
facturer. Such defects would include line width and spacing, 
pad position relative to hole location, etc. Unfortunately, 
Visual inspection is a time consuming, tedious task that 
causes operator fatigue and consequential reduction in con 
Sistency and reliability of inspection, as well as throughput. 

Because multi-layered boards cannot be tested electrically 
before lamination, Visual inspection of the component pan 
els of a multi-layered board before lamination is critical. A 
flaw in a single layer of an assembled board can result in 
Scrapping of the entire board, or involve costly, and time 
consuming rework. Thus, as board complexity and compo 
nent density and production requirements have increased, 
automation of manufacturing processes has been under 
taken. However, a larger and larger fraction of the cost of 
producing boards lies in the inspection of the boards during 
Various stages of manufacture. 

Automatic Visual inspection techniques have been devel 
oped in response to industry needs to more quickly, accu 
mulately and consistently inspect the printed circuit boards. 
Conventional Systems include an electro-optical sub-system 
that intensely illuminates a board being inspected along a 
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2 
narrow Strip perpendicular to the linear displacement of the 
board through the System, and a Solid state camera that 
converts the brightness of each elemental area of the illu 
minated Strip, termed a pixel, to a number representative of 
Such brightness; and the number is stored in a digital 
memory. Scanning of the entire board is achieved by moving 
the board relative to the camera. The result is a grey scale 
image of the board, or part of the board stored in memory. 
A relatively Small number in a cell of the memory represents 
a relatively dark region of the object (i.e., the substrate), and 
a relatively large number represents a brighter portion of the 
object, (i.e., a conductive line). 
The contents of the memory are processed for the purpose 

of determining the location of transitions between bright and 
dark regions of the object. Such transitions represent the 
edges of lines and the processing of the data in the digital 
memory is carried out So as to produce what is termed a 
binary bit map of the object which is a map of the printed 
circuit board in terms of ZERO's and ONE's, where the 
ONE's trace the lines on the printed circuit board, and the 
ZERO's represent the substrate. Line width and spacing 
between lines can then be carried out by analyzing the binary 
map. 

The time required to Scan a given board, given a camera 
With a predetermined data processing rate, typically 10-15 
MHz, will depend on the resolution desired. For example, a 
typical camera with an array of 2048 photodiodes imaging 
a board is capable of Scanning a one inch Swarth of the board 
in each pass if a resolution of /2 mil is required. At 0.5 mil 
resolution, a Swath one inch wide is composed of 96 million 
pixels. ASSuming camera speed of 10 MHz, about 10 sec 
onds would be required for completing one pass during 
which data from one swath would be acquired. If the board 
were 18 inches wide, then at least 18 passes would be 
required to complete the scan of the board. More than 18 
passes is required, however, to complete a scan of the board 
because an overlap of the passes is required to insure 
adequately covering the "seams' between adjacent passes. 
Combined with overhead time required, e.g., the time 
required to reposition the camera from Swath to Swath, data 
acquisition time becomes unacceptably large under the 
conditions outlined above. 
The basic problems with any automatic visual inspection 

System can be Summarized in terms of speed of data 
acquisition, amount of light to illuminate the board, and the 
depth of field of the optical system. Concomitant with 
increased requirements for reducing pixel size (i.e., increas 
ing resolution) is an increase in the amount of light that must 
be Supplied to a pixel to maintain the rate of data acquisition. 
Physical constraints limit the amount of light that can be 
concentrated on the printed circuit boards so that decreasing 
the pixel size to increase resolution and detection variations 
in line width or spacing of "fine geometry” boards, actually 
Slows the rate of data acquisition. Finally, decreasing pixel 
Size, as resolution is increased, is accompanied by a reduc 
tion in the depth of field which adversely affects the accu 
racy of the acquired data from board to board. 

It is therefore an object of the present invention to provide 
a new and improved automatic visual inspection system 
which is capable of acquiring data faster than conventional 
automatic visual inspection systems, and/or reducing the 
amount of illumination required for the board, and increas 
ing the depth of field. 

It is a further object of the present invention to provide a 
new and improved automatic visual inspection system which 
is capable of accurately interpreting information when the 
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object being inspected has regions of different contrast, 
precision of focus, and other Surface conditions. 

BRIEF DESCRIPTION OF INVENTION 

According to the present invention, a binary map of an 
object having edges is produced by first producing a digital 
grey Scale image of the object with a given resolution, and 
processing the grey Scale image to produce a binary map of 
the object at a resolution greater than Said given resolution. 
If the ultimate resolution required is, for example, one mil 
(0.001 inches), then, the resolution of the digital grey Scale 
image can be considerably less than one mil, and may be, for 
example, three mils. The larger than final pixel Size involved 
in acquiring data from an object permits objects to be 
Scanned faster, and either reduces the amount of light 
required for illuminating the objects or permits the same 
amount of light to be used thus decreasing the effect on 
accuracy of noise due to Statistical variations in the amount 
of light. Finally, increasing the pixel Size during data acqui 
Sition improves the depth of field and renders the System leSS 
Sensitive to variations in the thickness of the boards being 
tested. 

Processing of the grey Scale image includes the Step of 
convolving the 2-dimensional digital grey Scale image with 
a filter function related to the second derivative of a Gaus 
sian function forming a 2-dimensional convolved image 
having Signed values. The location of an edge in the object 
is achieved by finding Zero crossings between adjacent 
oppositely signed values. Preferably, the Zero crossings are 
achieved by an interpolation process that produces a binary 
bit map of the object at a resolution greater than the 
resolution of the grey Scale image. The nature of the GauS 
sian function whose Second derivative is used in the con 
volution with the grey Scale image, namely is Standard 
deviation, is empirically Selected in accordance with System 
noise and the pattern of the traces on the printed circuit 
board Such that the resulting bit map conforms as closely as 
desired to the lines on the printed circuit board. 

The convolution can be performed with a difference-of 
two-Gaussians, one positive and one negative. It may be 
achieved by carrying out a one-dimensional convolution of 
Successive lines of the grey Scale image to form a one 
dimensional convolved image, and then carrying out an 
orthogonal one-dimensional convolution of Successive lines 
of the one-dimensional convolved image to form a two 
dimensional convolved image. Each one-dimensional con 
volved image may be formed by multiple convolutions with 
a boxcar function. 

Detection of the presence of lines less than predetermined 
minimum width can be accomplished, independently of the 
attitude of the lines in the bit map by Superimposing on an 
edge of a line, a quadrant of a circle whose radius is the 
minimum line thickness. By ANDing he contents of pixels 
in the bit map with ONE's in the corresponding pixels in the 
Superposed quadrant the production of a ZERO indicates a 
line width less the predetermined width. A similar approach 
can be taken to detect line Spacings less than a predeter 
mined minimum. One quadrant is used for lines and Spaces 
whose are oriented on the board lies between 0 and 90, and 
another quadrant is used for orientations between 90 and 
180°. 
The processing of the grey Scale image by convolving 

with the filter function of the present invention produces a 
binary map of the object in terms of transitions between 
brighter and dimmer elements in the object. To complete the 
map, the non-transition pixels must be assigned binary 
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4 
values that match the nature of the homologous pixels in the 
object. That is to Say, all of the pixels that define traces 
should have the same binary value, and all of the pixels that 
define the Substrate have the opposite binary value. 
The present invention utilizes a threshold function in 

establishing an attribute of each pixel in the grey Scale 
object. Such attribute assists in the assignment of binary 
values to the pixels in the binary map of the object. In one 
aspect of the invention, the threshold function is a constant 
function of grey level and is location independent, and in 
another aspect of the invention, the threshold function is a 
non-constant function of grey level and is location depen 
dent. 

BRIEF DESCRIPTION OF DRAWINGS 

An embodiment of the present invention is shown in the 
accompanying drawings wherein: 

FIG. 1 is a plan view of a Segment of a typical printed 
circuit board. 

FIG. 2 is a section taken along the line 2-2 of FIG. 1 
showing a croSS Section of the printed circuit board in FIG. 
1; 

FIG. 3 shows two portions of a printed circuit board for 
the purpose of illustrating a line of reduced width and for 
illustrating the Spacing between adjacent lines, 

FIG. 4 is a composite view of a portion of a grey Scale 
image of a printed circuit board for the purpose of showing 
the effect of an edge on the grey Scale image, and showing 
the bit map values for the section illustrated; 

FIG. 5 is a block diagram schematically illustrating the 
automatic visual inspection System according to the present 
invention; 

FIG. 6 is a composite view similar to that of FIG. 4 but 
illustrating the variation in grey Scale values resulting from 
an edge of a line on a printed circuit board, and showing the 
distribution of the signed values of the convolved image as 
well as the values of the bits assigned to the bit map for both 
the measured and interpolated pixel values, 

FIG. 7 is a sketch illustrating the manner for identifying 
the pixel containing the Zero crossing between adjacent 
oppositely signed values of the convolved image; 

FIG. 8 is a plan view of a number of pixels illustrating 
how the interpolation process is carried out in two 
dimensions, 

FIG. 9 is an enlarged view of a bit map for the purpose of 
illustrating a line having a width less than the prescribed 
width, and the manner in which detection of this defect is 
achieved using a quadrant whose radius is equal to the 
prescribed minimum line width; and 

FIG. 10 is a schematic diagram of an one embodiment of 
apparatus by which a 2-dimensional convolution can be 
carried out on grey Scale image data to form a convolved 
image, 

FIG. 11 is another embodiment of convolver; 
FIG. 12 is a cross-section of a typical printed circuit board 

showing conductive traces in regions of different contrast 
between a conductive track and the Substrate, and showing 
the effect on the measured reflectance; 

FIG. 13 shows a 3x3 matrix of pixels in which the pixel 
under consideration is the center pixel, and showing the four 
directions involved in obtaining an ordered pair of numbers 
for the center pixel, 

FIG. 14 is the grey-level-difference/grey-level plane 
showing the relationship between the coordinates of a given 
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pixel in this plane and a threshold function obtained during 
a calibration operation for the purpose of assigning an 
attribute to the pixel; 

FIG. 15 is flow chart that shows the off-line calibration 
procedure to obtain a threshold function of the present 
invention; 

FIGS. 16 and 17 are various 3x3 matrices of pixels 
showing Some of the combinations of transition and non 
transition pixels which, respectively, represent probable 
edges and not-probable edges which are used during the 
calibration operation; 

FIGS. 18 and 19 show examples of good and bad 
contours, respectively, in the binary map produced by the 
convolution process, and used during the calibration opera 
tion; 

FIG. 20 shows how a threshold function is derived from 
the ordered pairs of numbers associated with pixels from 
good and bad contours during the calibration operation; 

FIG. 21 is a block diagram of a second embodiment of the 
present invention for binarization of a grey level map; 

FIG. 22 is a flow chart showing an initial step in bina 
rization according to the present invention; 
FIG.23A represents a 3x3 array of pixels in the grey level 

map, 

FIG. 23B is a flow chart showing the steps in obtaining an 
adjacency map; 

FIG. 24 is a flow chart showing the operational features 
of convolution processor 200 in FIG. 21: 

FIG. 25 is a flow chart showing the steps in obtaining the 
high-Sure/low map in FIG. 24; 

FIG. 26 is a flow chart showing the steps carried out in 
"painting certain pixel according to FIG. 24; and 

FIG. 27 is a flow chart showing the steps in the final 
revision of the convolution map. 

DETAILED DESCRIPTION 

Referring now to the drawing, reference numeral 10 
designates a conventional printed circuit board comprising 
Substrate 11 on one Surface of which are deposited conduc 
tive tracks or lines 12 in a manner well known in the art. A 
typical board may have 3 mil lines, and Spacing between 
lines of a comparative dimension. 
AS is well known, the technique of depositing lines 12 on 

Substrate 11 involves a photographic and etching proceSS 
which may produce a result shown in FIG. 3 where line 12a, 
of width w has a reduced portion at 12b. The cross section 
available for conduction in reduced portion 12b may be 
insufficient to permit proper operation of the electronic 
components associated with the printed circuit board; and 
for this reason a board having a line of a width less than 
Some predetermined value would be rejected, or at least 
noted. AS boards get more and more complex, detecting 
breaks in lines, or lines with reduced width, becomes more 
and more difficult. 
The photoetching proceSS involved in producing lines on 

a printed circuit board Sometimes results in the Spacing S 
being less that the design spacing. In Such case, quality 
control should reject the board or note the occurrence of a 
line spacing less than the Specified line Spacing. 

In order to achieve these and other ends, conventional 
automatic visual inspection Systems will produce the results 
shown in FIG. 4. That is to Say, a greyScale image of the 
printed circuit board will be obtained and Stored in a digital 
memory, the resolution of the grey Scale image being 
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6 
selected to be consistent with the accuracy with which 
measurements in the image are to be made. Thus, if the 
requirements is for measuring the edge 13 of a trace to 
within Say 1 mill, then the resolution of the grey Scale image 
should be less than that, say 0.5 mil. 

Curve 14 in FIG. 4 illustrates the variation in brightness 
of pixels measured by the electro-optical System of a con 
ventional visual inspection System, the continuous analog 
values designated by curve 14 being converted to discrete 
values by a Sampling proceSS which Stores a number in a 
homologous cell of a digital memory. The discrete values are 
indicated by circled-pluses in FIG. 4 and are designated by 
reference numerals 15. Typically, due to noise and Statistical 
variations in the amount of light incident on the printed 
circuit board, and other factors, edge 13 will cause curve 14 
to vary continuously from a generally lower level indicated 
by data points 19 to a generally upper level as indicated by 
data points 20, rather than to jump, in a discontinuous 
manner, from one level to the other. Thus, edge 13 is not 
Sharply defined. 

Conventionally, an algorithm is used for the purpose of 
determining within which pixel an edge will fall and this is 
illustrated by the assigned pixel values in vector 18 as shown 
in FIG. 4. That is to say, value 15a is assumed to exceed a 
predetermined threshold; and where this occurs, a bit map 
can be established based on Such threshold in a manner 
illustrated in FIG. 4. Having assigned binary values to the bit 
map, the edge is defined as illustrated by curve 16 in FIG. 
4. 
One of the problems with the approach illustrated in FIG. 

4 is the manner in which the bit in position 17 in bit map 
vector 18 is assigned. The precise location of the transition 
from the printed circuit board, as indicated by measured 
brightness value 19 to a line indicated by measure value 20, 
depends on the value at 15A and the size of the pixels. 

In other words, for a given pixel Size, identifying the 
transition as occurring at location 17 in the bit map rather 
than at adjacent location 21, depends upon the Selected 
threshold. Note that the pixel Size of the grey Scale image in 
the prior art is the Same as the pixel Size in the bit map. 
The present invention contemplates using larger pixels to 

acquire the grey Scale image of the printed circuit board than 
are used in constructing the bit map while maintaining 
resolution accuracy. Using relatively large pixels to acquire 
the data increases the area Scanned by the optical System in 
a given period of time as compared to the approach taken 
with a conventional device. This also increases the amount 
of light incident on each pixel in the object thus decreasing 
the effect of noise due to Statistical variations in the amount 
of light incident on the pixel. Finally, this approach also 
increases the depth of field because of the larger pixel size 
accommodating larger deviations in board thickness. 

Apparatus in accordance with the present invention is 
designated by reference numeral 30 and is illustrated in FIG. 
5 to which reference is now made. Apparatus 30 is designed 
to produce a binary bit map of printed circuit board 31 which 
has lines thereon defining edges as shown in FIG. 1. Appa 
ratuS 30 comprises a conventional electro-optical Sub 
System 32 for producing data representative of the bright 
ness of the surface of printed circuit board 31, and 
processing means 33 for processing the data and producing 
binary bit map stored in memory 34. Board 31 is mounted 
for linear displacement in the direction indicated by arrow 
35, the mechanism for effecting the movement being con 
ventional and not forming a part of the present invention. 
For example, movable tables are available having vacuum 
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tops by which the printed circuit board is clamped for 
movement by the table. 

Linear light source 36, shown in cross-section in FIG. 5, 
produces high intensity beam 37 which illuminates strip 38 
on surface 39 of the printed circuit board, strip 38 being 
oriented in a direction perpendicular to the direction of 
movement of the board. Light from the strip is focused by 
optical System 40 onto a linear array of photodectors 42 each 
of whose instantaneous outputs on bus 43 is representative 
of the number of light photons incident on the photoSensitive 
area of a photodetector. The outputs of the photodetectors 
are integrated over time, for example, by a linear array of 
charge-coupled-detectors (CCD's) 44 on which charge is 
accumulated in proportion to the amount of light incident on 
the photodetectors, and the time of accumulation which is 
established by the sampling of the CCD's. In other words, 
after a predetermined amount of time dependent upon the 
intensity of light source 36 and the speed of movement of 
board 31 and the optical condition of surface 39 of the 
printed circuit board, each CCD in array 44 will have a 
charge whose magnitude is proportional to the brightness of 
an elemental area on strip 38 within the field of view of the 
particular photodetector connected to the CCD. Upon Sam 
pling of the CCD's after such predetermined time, the values 
of the charges on the linear array of CCD's 44 are 
transferred, to compensation circuit 45. The arrangement is 
Such that data corresponding to the brightness of each pixel 
in the object is Sequentially examined by compensation 
circuit 45, and a correction is applied to each value to 
compensate for individual response of the various photo 
diodes in array 42. The need for Such compensation arises 
because the outputs of photodetectors 42, when a uniformly 
bright object is Scanned, will in general, not be equal. The 
variation in outputs from pixel to pixel in the line of data 
applied to circuit 45, when the object is uniformly bright, is 
due to difference in the gain and the response slopes of the 
photodetectors. By carrying out a calibration process that 
involves Scanning a uniformly bright object, a look-up table 
of correction factors for the output of each photodetector can 
be stored in memory 46. In this way, a correction of 
unavoidable non-uniformities in the illumination and cor 
rections for the bias and the gain differences for the output 
of each photodetector can be applied to the data being 
Supplied to circuit 45 thus eliminating variations in the 
electrical responses of the photodetectors. 

The output of circuit 45, which is Serial, is a representa 
tion of the grey Scale image of the object, namely Surface 39 
of board 31. This grey scale image is developed line by line 
as board 31 is moved with respect to the electro-optical 
sub-system 32. The function of preprocessor 70 is deferred; 
and at this time, it is Sufficient to State that the digital values 
of the brightness of the elemental areas of the object are 
stored in a digital memory that is a part of convolver 47 
whose operation is detailed below. 

Referring at this time FIG. 6, sampled data points 48, 49, 
represent the brightness of pixels on board 11, Such pixels 
being 9-time larger in area than the Sampled pixels according 
to the prior art as shown in FIG. 4. This tripling of the pixels 
dimension is for purposes of illustrating the present inven 
tion and should not be considered as a limitation because the 
pixel Size could be made any multiple of the pixel Size 
shown in FIG. 4. For example, the increase in pixel size 
could be by a factor of 5 or even 10 times. That is to say, the 
resolution of the grey Scale image obtained according to the 
present invention is /3 or less than the resolution of the grey 
Scale image of a conventional System. Although, as indicated 
below, the image with the larger pixels appear more blurred 
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8 
than the image with Smaller pixels, the processing carried 
out by convolver 47 properly locates edges of lines on the 
printed circuit board. However, because the pixel size is 
increased over that as shown in FIG. 4, the Speed of Scanning 
can be increased by the Square of the factor that the 
resolution is decreased, or the amount of light could be 
reduced and achieve the same Scanning rate. In addition, the 
underSampling achieved with the present invention benefi 
cially effects the field of depth of the optical system with the 
result that the grey Scale image is leSS Sensitive to variations 
in printed circuit board thickness as different printed circuit 
boards are Scanned, or to variations in height within the 
same board itself. 

Convolver 47 carries out, on the digital data representa 
tive of the grey Scale image of the printed circuit board, a 
two-dimensional convolution with the second derivative of 
a Gaussian function, or an approximation thereof, producing 
in the associated memory of the convolver, a convolved 
image of the object having signed values. FIG. 6 shows a 
one-dimensional convolution of the measured grey Scale 
image represented by data points 48-51 producing the 
signed values 52-55 shown in FIG. 6. In other words, the 
convolved one-dimensional image has essentially Zero Val 
ues indicated by data points 52 and 55 at all locations where 
the brightness of the grey Scale image is Substantially 
constant (i.e., regions of the Substrate and regions of a line). 
Thus, the one-dimensional convolved image of the printed 
circuit board will have values close to Zero throughout the 
image except at the edge of a line. Such an edge is indicated 
in the one-dimensional convolved image by transitions that 
have large excursions above and below a Zero level as 
indicated in FIG. 6 by data points 53 and 54. The actual 
location of the edge is determined by the Zero crossing of the 
signed values of the convolved image. The crossing is 
closely related to the location where linear curve 56 con 
necting data points 52-55 crosses the Zero axis, the crossing 
point being indicated by reference numeral 57. 
The precise location of the Zero crossing need not be 

determined, only the pixel within which the crossing occurs 
is necessary. In order to make a direct comparison with the 
conventional technique illustrated in FIG. 4, the number of 
pixels in the bit map that will be reproduced using the 
convolved image is increased to correspond to the number of 
pixels in the bit map used with the conventional apparatus. 
Thus, while data points 63 and 54 are measured data points, 
intermediate points 58, 59, equally spaced between the 
measured data points, can be found by a linear interpolation 
operation. The problem of finding the Zero crossing is 
Simplified because, as explained below, identification of the 
pixel in which the Zero-crossing occurs is achieved by a 
comparison of the values of data points 53 and 54. 

Reference is now made to FIG. 7 which illustrates the 
manner in which a comparison is made between the signed 
data points for the purpose of locating that pixel containing 
the Zero crossing of the convolved image. Recalling that the 
distance between measured data points is divided into a 
number of intervals to reduce pixel size in the bit map (in 
this example, the pixel dimension in the bit map is /3 of the 
dimension in the grey Scale image), location of the Zero 
crossing involves identifying pixel in which the Zero croSS 
ing occurs. Inspection of FIG. 7 reveals that, by reason of 
Similarity of triangles: 

A/B=b/(3a-b) (1) 

where where the quantity A represents the magnitude of 
the convolved image at 54, B represents the magnitude of 
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the convolved image at data point 53, a represents the 
dimension of a pixel, and b represents the distance of the 
Zero crossing from data point 54. The object of this exercise 
is to assign a binary value to bits associated with data points 
53 and 54, as well as the two interpolated data points 58 and 
59. The binary values for data points 54 and 53 are known 
and they are ZERO and ONE respectively as shown in FIG. 
7. What is unknown is the value associated with the inter 
polated data points 58 and 59, these values being indicated 
by the quantities X and X. By inspection of Eq. (1), one can 
See that if b lies within the interval between Zero and a as 
shown in FIG. 7, then 2A is less than or equal to B. In such 
case, the Zero crossing would occur between data points 54 
and 59 and the consequence is that both X and X should 
have the binary value 1. Similarly, if A is greater than or 
equal to 2B, then X=0 and X=0. Finally, if B/2<A2B, then 
x=0 and X=1. The nature of convolving with the derivative 
of the Gaussian is Such that near a Zero-crossing, the 
convolved image varies linearly. Therefore, the interpolation 
can be carried out quickly and Simply. In order to determine 
the binary value for the final bit map from the convolved 
image, two rather simple arithmetic computations are car 
ried out on adjacent oppositely signed values in the con 
Volved image. ASSignment of bit map values is dependent 
upon the inequalities discussed above. 

Below curve 56 in FIG. 6 are two binary vectors, the 
vector at 60 representing the binary values that result from 
the original grey Scale image of the printed circuit board. 
Vector 61, on the other hand, is obtained using the technique 
described above using the interpolated pixel values. The 
combined vectors produce the same vector as vector 18 
shown in FIG. 4 and also represent the curve 16 as indicated 
in FIG. 6. 

In actual practice, a two-dimensional convolution of the 
grey Scale image with a two-dimensional Second derivative 
of a Gaussion is carried out. The result is a two-dimensional 
convolved image of signed values, and interplation is carried 
on this convolved image as indicated in FIG.8 which shows 
measured data at points designated by circled-pluses, and 
interplated data points designated by circled-dots. Interpo 
lation is carried out in orthogonal directions 62-63 and 
along diagonal 64 which bisects the orthogonal directions. 
In each case, the interpolation identifies that pixel within 
which the Zero crossing has occurred in two orthogonal 
directions and along a diagonal. This process is carried out 
point-by-point to complete the binary map. 

Returning now to FIG. 5, interpolator and memory 65 
carries out the operation described above on the two 
dimensional convolved image produced by convolver 47. 
The interpolation proceSS produces binary bit map 34 having 
pixel Sizes that are the same as the binary bit map produced 
by the conventional approach taken in FIG. 4. However, the 
binary bit map in FIG. 5 can be obtained almost an order 
magnitude faster than the bit map following conventional 
procedures. Moreover, as indicated previously, the Sensitiv 
ity of the apparatus to variations from board to board, and/or 
within the same board, to board thickness is leSS pronounced 
than in the conventional device because the enlarged pixel 
Size for acquiring the data increases the depth of fields of the 
optical System. 
AS indicated previously, the signed values of the con 

Volved image are different from essentially Zero only in the 
vicinity of transitions or edges in the object image. No 
information is contained in the convolved image by which a 
determination can be made that a pixel containing an essen 
tially Zero value is derived from a pixel associated with the 
Substrate or from a pixel associated with a line. Thus, the 
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edges of lines can be accurately determined by the process 
and apparatus described above, but the attribute of pixels 
remote from an edge (e.g., pixels farther than the radius of 
the derivative of the Gaussian operator) is unknown. The 
purpose of pre-processor 70 is to furnish an attribute to 
interpolator 65 to enable it to assign a binary value to each 
bit of the bit map in accordance with whether its corre 
sponding pixel is located in a line or in the Substrate. Thus, 
pre-processor 70 applies to each pixel in the grey Scale 
image a threshold test and Stores in associated memory 71 a 
record that indicates whether the threshold is exceeded. The 
threshold will be exceeded only for pixels located in a line 
on the printed circuit board. When convolver 47 produces 
the convolved image of the grey Scale image of the board, 
the address of each pixel lying in a line on the board is 
available from memory 71. Thus, the attribute of each pixel 
in the bit map can be established. It is determined directly by 
the convolution sign near a Zero-crossing, and by the thresh 
old test farther away from the Zero-crossing. This is because 
unavoidable variations in contrast which always exist cause 
the threshold test to be inaccurate. This is particularly true 
near an edge transition where large variations in contrast 
exist. In the method described here, therefore, the threshold 
test is used only for pixels completely Surrounded by dark or 
light areas. The attributes of pixels near the transition are 
determined, on the other hand, directly by the convolution 
Sign. 
The present invention also contemplates determining 

whether any line on the board has a portion with a thickneSS 
less than a predetermined value, regardless of the orientation 
of the line relative to the axes defining the pixel orientation. 
This result is achieved in the manner illustrated in FIG. 9 
which shows inclined line 72 of width won a board, the line 
having portion 73 of reduced width of less than a predeter 
mined value. Fragment of bit map 74 shows line 72 as an 
island of ONE's in a sea of ZERO's. To determine the line 
width at point 75 on the line, pixel 75" in the bit map is 
located, and a quadrant of imaginary circle 76 of radius 
equal to the required line width is Superimposed on the bit 
map, the apex of the quadrant being positioned at pixel 75'. 
The circle is defined by address offsets from selected pixel 
75'. That is to say, given the address of a pixel on the edge 
of a line, the addresses of pixels within the boundary of 
circle 76 is known. If all of the pixels in the bit map within 
the boundary of circle 76 contain a ONE, then the width of 
the line at the Selected point is no less than the required 
minimum line width. On the other hand, if any of the pixels 
within the boundary of circle 76 contain a ZERO, then the 
width of the line at the Selected point is less than the required 
minimum. Note that the above description applies to line and 
space orientation between 0 and 180. 

In practice, analysis of line width can be carried out 
automatically by Sequentially applying the principles Set 
forth above to each point on the edge of a line. A record can 
be made of each pixel in the bit map at which a ZERO 
detection occurs in the offset address, and hence the coor 
dinates of each point on the board having too narrow a line 
can be determined and stored. It should be noted that the 
technique disclosed herein is applicable to any line on the 
board at any orientation. 
The principles described above are equally applicable to 

determining whether the Spacing between lines is less than 
a predetermined minimum. In this case, however, the imagi 
nary cycle is placed at at edge of a line Such that it overlies 
the substrate, and the presence of a ONE in the offset 
addresses indicates reduced spacing. 
The convolution function used in the present invention 

need not be a 2-dimensional function, and the convolution 
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operation need not be carried out in one step. Rather, the 
function may be the difference of Gaussian functions, one 
that is positive, and one that is negative. The convolution 
operation can be carried out in two steps: convolving with 
the positive Gaussian function, and then convolving with the 
negative. Implementing this, the effect of convolution can be 
achieved by multiple convolving a a line of data in the grey 
Scale image with a boxcar function in one dimension, and 
then convolving the 1-dimensional convolved image with a 
boxcar function in an orthogonal direction. 

In order to facilitate two dimensional filtering, or the 
convolution operation as described above, apparatus 100 
shown in FIG. 10 can be utilized. Apparatus 100 accepts a 
Serial data Stream from a Scanned two dimensional function 
arranged in rows or columns with k elements per row or per 
column. Such a signal is generated by a camera as described 
above. 
The operation of apparatus 100 is based on a mathemati 

cal theorem that States that a 1-dimensional convolution of 
a given function with a Gaussian function can be closely 
approximately by multiple 1-dimensional convolutions of 
the given function with a boxcar function (i.e., a function 
that is unity between prescribed limits and Zero elsewhere). 
This procedure is described in Bracewell, R. N. The Fourier 
Transform and Its Applications, McGraw-Hill Inc., 1978, 
chapter 8. Application of this theorem and its implementa 
tion to the grey-Scale image of the board is achieved in the 
present invention by apparatus 100 which comprises a 
plurality of identical convolver unit modules, only one of 
which (designated by numeral 101) is shown in detail. Each 
module accepts a stream of values from a Scanned two 
dimensional function, and performs a partial filtering opera 
tion. The output of that module is then fed to the next 
module for further filtering. 

Each module contains a shift register made of many (e.g., 
2048) cells which are fed sequentially with a stream of grey 
level values from the camera. Under control of pulses from 
a clock (not shown), the contents of each cell is shifted (to 
the right as seen in FIG. 10) into the adjacent cell. The first 
Step of the operation is to add two adjacent Samples in the 
input Signal to the module. This is achieved by delaying the 
input Signal by one clock period using cell 103 and feeding 
its output together with the input stream to adder 104 whose 
output represent the boxcar function. The output of the adder 
may be delayed by cell 105, which is not essential for the 
correct operation of the module, but may be included in 
order to improve speed of operation. The output of cell 105 
is down-shifted through shift register 102. Both the input to 
and the output from shift register 102 are fed into second 
adder 106 whose output is applied to last cell 107 which 
outputs the partial result into the next module. This stage 
completes convolution of the input Stream with a two 
dimensional boxcar of size 2x2 pixels. Each of cells 103, 
105 and 107, and shift register 102 is pulsed by the same 
clock. Several modules, for example nine, are cascaded in 
order to perform the required filtering on the input Stream 
applied to convolver unit 1 whose input Signal is a Scanned 
two dimensional function of row length of k Samples. The 
output Stream from the last cascaded module is a 
2-dimensional convolution of the grey Scale image. 

Another embodiment of convolver, shown in FIG. 11 by 
reference numeral 110, carries out the same filtering func 
tions as the apparatus shown in FIG. 10, except that the total 
delay through the circuit is different. Apparatus 110 com 
prises a plurality of horizontal and Vertical convolver units. 
If the number of horizontal units is made equal to the 
number of Vertical units, a Symmetrical convolution is 
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achieved. If the number of units in apparatus 110 is the same 
as in apparatus 100, the transfer function will be exactly the 
Same except for a fixed delay in the output signal. 
The horizontal block of apparatus 110 contains munits, 

each of which performs partial horizontal filtering or con 
volution. Two adjacent samples in cells 112 and 113 are 
Summed by adder 114 which represent here the boxcar 
function. The output of the adder is fed into output cell 115. 
Cascading many horizontal units performs a 1-dimensional 
horizontal filtering. The output of the horizontal block is 
then fed into the vertical block. 
The vertical block is made of identical units, each of 

which performs partial vertical filtering. Apparatus 116 
shows one vertical unit. The Signal is fed into the input cell 
117. The output of that cell is down shifted along the shift 
register 118. Adder 119 adds the output of the shift register 
and the output of cell 117. The output of module 116 is fed 
into the input of the next module. The vertical modules 
perform a 1-dimensional convolution on the output of the 
horizontal module, completing in this manner a 
2-dimensional convolution on the grey-Scale image. All 
memory cells in the Vertical or horizontal units as well as all 
shift registers are pulsed by a common clock (not shown) 
feeding the value of each cell into the adjacent cell. 
The above described apparatus performs repeating con 

volutions with a boxcar function comprised of two adjacent 
pixels, the convolution can be achieved using a boxcar 
function comprising more than two adjacent pixels. This can 
be achieved, for example, by increasing the number of 
Sampling cells and the number of Shift registers, and con 
Sequently also increasing the number of inputs entering the 
adders per module. 
AS previously indicated, the convolution process requires 

a 2-dimensional convolution with the differences between 
Gaussian functions and this can be achieved in the manner 
indicated in FIGS. 10 and 11, the size of the boxcar function 
(i.e., its limits along the line of registers) is empirically 
Selected to produce good correspondence between the bit 
map eventually produced and the actual board. While a line 
of data in the example described above is Said to consist of 
2048 pixels, it should be clear that this number is by way of 
example only and represents the number of photodetectors 
used in conventional Scanning cameras. Furthermore, the 
20-pixels window referred to above should also be consid 
ered as being an example because other windows, or even no 
window at all, can be used. 

Finally, while the invention has been described in detail 
with reference to optical Scanning of printed circuit boards, 
the inventive concept is applicable to other optical Scanning 
problems, and more generally, to any 2-dimensional convo 
lution problem. For example, the invention can be applied to 
inspecting hybrid boards as well as integrated circuits. 
AS described above, compensation circuit 45 Supplies 

information to pre-processor 70 and memory 71 in order to 
effect conversion of the convolution sign map in interpolator 
memory 65 to a binary map of an object (e.g., a printed 
circuit board) in binary bit map 34 in order to accurately 
depict edges or contours (e.g., tracks in the case of printed 
circuit boards). The is process of conversion, called “bina 
rization' of the pixels, may assign the value “ONE”, for 
example, to pixels associated with metal traces, and the 
value “ZERO” to pixels associated with the Substrate. 

In the embodiment shown in FIG. 5, binarization is 
effected using the output of pre-processor 70 which pro 
duces an attribute of the surface of the object for each 
homologous pixel in the grey Scale image of the object as 
Supplied to the pre-processor by compensation circuit 45. 
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Such attribute establishes whether a pixel is part of a track 
or a part of the Substrate. Specifically, the attribute is 
determined by comparing the grey level of a pixel with a 
global threshold (i.e., a threshold that is the same for all 
pixels regardless of their location in the map). If the thresh 
old old is exceeded, the conclusion is that the pixel is part 
of a track, and if not, the pixel is part of the Substrate. These 
conclusions are based on recognizing that the conductive 
tracks reflect more light and appear brighter than the Sub 
Strate. 

With many printed circuit boards, binarization using a 
fixed threshold applied globally will produce Satisfactory 
results. However, as printed circuit boards become larger 
and more complex, and Substrate material more exotic, it 
Sometimes occurs that the grey Scale value of a pixel from 
a metal element in one portion of a printed circuit board will 
have a value not significantly different from that of a pixel 
from a Substrate element in another portion of the board. 
That is to Say, if a Single board has regions where the 
contrast between the tracks and the Substrate differs, differ 
ent thresholds would be required for the regions in order to 
obtain the proper attributes that would accurately reproduce 
all of the tracks on the board. The Same Situation occurs 
when the precision of focus of the optical System is different 
in different regions of a printed circuit board. Additionally, 
the problem is present when a single board contains regions 
of many fine, closely spaced tracks, and regions where the 
width of and Spacing between the tracks are greater. 

Reference is made to FIG. 12 to illustrate the problem of 
a single board 300 containing region 301 in which the 
contrast between track 302 and the Substrate is lower than 
the contrast between track 303 and the substrate in region 
304. In the graphs below board 300 in FIG. 14, sampled data 
points 305 represent the measured intensity of light reflected 
from track 302 and the Substrate during Scanning of track 
302 in the direction indicated by arrow 306. Sampled data 
points 307 represent the measured intensity of light reflected 
from track 303 and the Substrate during Scanning. Typically, 
points 307 will be a family whose lowest values may exceed 
the peak value of the the family of points 305. Consequently, 
if threshold 308 were selected so as to be satisfactory for 
tracks in region 304, the threshold would be entirely unsat 
isfactory for tracks in region 301 because tracks in region 
301 would not even appear in the final binary bit map. 

Under the conditions described above, when fixed thresh 
olding will not produce Satisfactory results, a Second 
embodiment of the present invention can be utilized. In this 
embodiment, a two-step binarization process is employed 
for classifying pixels as “white' (i.e., metal), or “black” (i.e., 
Substrate). 

In the first of the two-step process, those pixels capable of 
being classified unambiguously as either “white' or “black” 
are So classified, and the remaining pixels are tentatively 
classified as “other”. The second step (called “painting”) 
classifies each of the “other' pixels as either “white' or 
“black” by extending regions of pixels previously unam 
biguously classified as being “white' or black according to 
present rules. 

Unambiguous classification of pixels is achieved in two 
ways. One way involves identifying pixels near an edge or 
contour using grey-level data obtained by Scanning. The 
other way involves identifying pixels that are Surrounded by 
very high, or very low, grey-level values, and applying 
of-line calibration information in deciding the classification. 

Pixels near an edge can be identified based on large Scale 
transitions in grey Scale values of adjacent pixels. Where 
Such transitions occur in adjacent pixels, pixels with higher 
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value grey Scale values would be classified unambiguously 
as “white'. Those with lower values would be classified 
unambiguously as "black”. 

For example, the grey Scale map may contain a region 
where the grey Scale level of the pixels changes abruptly 
from a low value, say 40-50 units, to a high value, say 80-90 
units which indicates an edge. In this region, pixels with 
values in excess of 80 units would be classified as “white', 
and pixels with lower vales values would be classified as 
“black'. In another region of the map, the grey Scale level of 
the pixels may change abrubptly from a relatively higher 
value, say 70-80 units, to an even higher value, say 120 units 
of more indicating an edge. Insuch case, pixels with values 
of 80-120 units would be classified as “black', and pixels 
with values of 120 units or more would be classified as 
“white”, etc. 
As described in detail below, the first step in binarization 

according to the present invention involves comprising as 
ordered pair of numbers termed grey-level and grey-level 
differences for each pixel, and looking for Sharp transitions. 
At locations where they occur, pixels are classified as 
“black' and “white” unambiguously based on the convolu 
tion values obtained as described previously. Negative con 
volution values permit unambiguous classification of the 
pixels as "black', and positive convolution values permit 
unambiguous classification of the pixels as “white'. 

Pixels surrounded by very high, or very low, grey-level 
values can be identified directly from the grey-level values 
themselves. By carrying out an off-line calibrations that 
involves Scanning a representative printed circuit board, the 
highest value of any Substrate pixel can be determined. Any 
pixel, and its 3x3 neighbors, with an on-line grey level value 
in excess of this calibration value, can be classified unam 
biguously as “white'. Similarly, any pixel, and its 3x3 
neighbors, with an on-line grey level below the calibration 
value can be classified unambiguously as "black'. 

By following the first classification Step of the present 
invention, all of the pixels are classified into unambiguous 
“white”, unambiguous “black', and “other” categories. The 
Second classification Step of the present invention extends 
the regions of the previously classified “black” and “white” 
pixels using a number of preset rules. For example, if a pixel 
p is classified as “other', but its grey-level is lower than the 
grey level of a neighboring pixel q that is already classified 
as “black”, then pixel p will be classified as “black”, etc. 

FIG. 13 illustrates the preferred manner of obtaining the 
ordered pair of numbers for each pixel in a grey Scale map 
of an object. Reference numeral 320 represents a typical 
grey Scale pixel “A” for which an ordered pair of numbers 
is to be obtained. Surrounding pixel 320 are its eight 
adjacent neighboring pixels designated pixels “B” to “T”. 
The grey Scale level of each of these nine pixels is known by 
reason of the Scanning process described above, and these 
grey Scale levels are used to compute the ordered pair of 
numbers. This is achieved by computing the absolute value 
of the difference in grey levels in the two principle (i.e., 
orthogonal) directions labeled directions 1 and 2 in the 
drawing, and in the two diagonal directions labeled 3 and 4. 
In direction 1, the quantity Ig-g-I, which is the absolute 
value of the difference in grey level values for pixels “T” and 
“E” in FIG. 13, is computed, etc. In computing the absolute 
values in the diagonal directions, the absolute values of the 
differences in grey-level values are normalized by dividing 
the difference by 1,414 to take into account the different 
distances between pixels in the diagonal directions as com 
pared with the principle directions. 
The largest of the four absolute value difference identifies 

the direction of greater change in grey level about the 
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Selected pixel “A”. In this direction, the average grey-level 
of the appropriate two pixels is computed as (g), and the 
difference between the grey levels of these pixels is com 
puted as (d)A. By following this procedure, an ordered 
pair of numbers g., d can be computed for each pixel 
in the grey level map. The ordered pair of numbers So 
obtained for each pixel is plotted against a threshold func 
tion (T.F.) obtained by a calibration process that is described 
on detail below. By its nature, the T.F. is dependent on the 
grey level of a pixel and its location. As shown in FIG. 14, 
the threshold function has the following general form: 

pairs pair 

(gas)>Gna TF-Dna. 

Gming(g)<G, TF =step variation 

where D, D, and the Step Variation are determined 
according to an off-line calibration process described below. 

Point 321 represents the point on the grey-level/grey 
level-difference plane associated with pixel “A”. Because 
this point lies above the threshold function 322, pixel “A” 
represents part of a track, and would be assigned the value 
ONE in what is termed a gradient-enable binary map. On the 
other hand, point 323, based on some other pixel, lies below 
curve 322; and the value ZERO would be assigned to the 
pixel associated with point 323 indicating this pixel repre 
Sents the Substrate. 

The threshold function for a given printed circuit board is 
not arbitrary, but is closely related to the particular board and 
the configuration of the tracks thereon. That is to Say, the 
threshold function is determined from an off-line calibration 
proceSS based on analyzing one, but preferably, a number of 
identical actual boards to be inspected. The procedure to 
obtain the threshold function for a particular board is listed 
in FIG. 15 to which reference is now made. Specifically, the 
procedure may be carried out on a Small Sample of the entire 
population of boards and a threshold function derived for 
each board in the Sample in order to obtain a composite 
threshold function that is the average of the threshold 
functions for the Sampled boards. 
As indicated in FIG. 15, the initial steps for obtaining the 

threshold function are the same as the Steps in inspecting a 
printed circuit board in the board is Scanned. That is to Say, 
the grey-Scale levels are compensated for non-uniformity, 
and a grey Scale image of the board is obtained and Stored 
for processing in Step 323. In Step 324, calculating an 
ordered pair of numbers for each pixel may occur immedi 
ately after three grey-Scale image of the board is obtained, 
or may be deferred until needed. Regardless, a convolution 
Sign map is computed from the grey Scale map by carrying 
out the two dimensional convolution process described 
above as indicated in Step 325. So far, except for calculating 
the ordered pair of numbers, the processing carried out is 
identical to what has been described in connection with the 
embodiment shown in FIG. 5. 

For the purposes of calibration, the convolution sign 
image is processed in Step 326 to obtain a convolution Score 
image or map in which the value of each pixel in the 
convolution sign map is evaluated by taking into account the 
convolution signs of its eight neighbors to the end that the 
pixel in the convolution Score map reflects the a priori 
probability that the pixel is part of a valid edge neighbor 
hood. This is implemented in a look-up table whose address 
is the nine bits of the convolution sign on the 3x3 matrix of 
pixels. The contents of the look-up table is computed in a 
different off-line process that is done beforehand by human 
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judgment and evaluation of all possible 2 combinations. 
The judgment may be biased on the following criteria: if the 
3x3 neighborhood can be partitioned into two connected 
regions, one with positive convolution signs and the other 
with negative convolution Signs, then the configuration 
represents a valid edge neighborhood. FIGS. 16(a)-(c) rep 
resent Some configurations for valid edges. Representative 
configurations that are not valid edge neighborhoods are 
illustrated in FIGS. 17(a)-(c). 

After Step 326 is carried out, contours in the convolution 
Score map are evaluated as indicated in Step 327. A contour 
in this context, is composed of pairs of connected pairs of 
contour pixels. A pair of contour pixels is a pair of adjacent 
pixels of opposite sign. Pairs of contour pixels are connected 
if their pixels are adjacent at four Sides. 

Each of FIGS. 18 and 19 shows a contour. In FIG. 18, 
contour 328 has inner contour 329 and outer contour 330. 
Inner contour 329 is made up of the collection of transition 
pixels of the connected pairs of pixels making up the 
contour; and outer contour 330 is made of the collection of 
the other pixels of the connected pairs. 
The calibration process involve grading the contours after 

they are located and the connected pairs of pixels are 
identified. The grading is a Score assigned to the collection 
of pixels that make up a contour according to the probability 
that the contour is a contour in the object. The Score is based 
on a ratio of contour length (in pixels) to “bad” indications 
along the contour. The “bad” indications are described 
below, Suffice it to Say at this point that, after the contours 
have been Scored, they are divided into three groups accord 
ing to their Score. “Good” contours are contours with high 
scores; “bad” contours are contours with low scores; and 
"unsure' contours are contours with intermediate Scores. 
Contour 328 in FIG. 18 is an example of a “good” contour 
because it does not cross itself like contour 331 shown in 
FIG. 19, which is an example of a “bad” contour. 

All the pixels have ordered pairs of numbers associated 
there with according to Step 324. Only those pixels associ 
ated with "good” and “bad” contours are mapped into points 
in the grey-level-difference/grey-level plane as shown in 
FIG. 20. However, the mapping is done so that “good” 
contour pixels are separately identified from “bad” contour 
pixels. This is shown in FIG. 20 where the “0’s” are 
indicative of pixels associated with "good” contours, and the 
“X’s” are indicative of pixels associated with “bad” con 
tourS. 

A threshold function is then plotted having the form: 

(gas)>Gna TF-Dna. 

mins (gavg T.F.=step variation 

More specifically, the threshold function is one that mini 
mizes both the number of points associated with pixels from 
good contours that are below the threshold function, and the 
number of points associated with pixels from bad contours 
that are above the threshold function. Points associated with 
pixels from good contours which fall below the threshold 
function, and points associated with pixels from bad con 
tours which fall above the threshold function, are termed 
pixels violations, and the threshold function that is Selected 
is one that minimizes the number of pixel violations. In this 
manner, the Values of G, G, D, D, and the Step 
Variation between G, G, are determined. 
AS indicated above, the procedure for Scoring contours 

during the calibration proceSS is based on determining the 
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ratio of contour length in pixels to bad indications along the 
contour. A bad indication may be one of the following: (a) 
a junction, which is a place where the contour crosses itself 
as shown in FIG. 19; (b) an extremely low value of average 
grey level as computed according to the procedure associ 
ated with FIG. 13; (c) a bad configuration score as computed 
according to FIGS. 16 and 17; or (d) large variance of grey 
levels for either the contour inner pixels or the contour outer 
pixels. The Scoring procedure is Somewhat Subjective but 
may be based on an iterative process in which a procedure 
with certain assumptions is carried out and a comparison is 
made with the actual period circuit board to evaluate 
whether the assumptions are valid. 

Apparatus for taking into account objects with location 
dependent threshold functions is shown in FIG. 21 to which 
reference is now made. Data from the object being Scanned 
is applied to CCD 44, and corrected for non-uniformity by 
compensation circuit 45, as previously described. Corrected 
grey Scale image data produced by circuit 45 is applied in 
parallel to convolver 47 and to pre-processor 70a. 

The convolver circuit, as described above, processes the 
grey level image and produces, for each pixel, a convolution 
value which is a signed number. In the preferred 
embodiment, the signed number is a 9-bit signed integer 
lying between -256 and +258. The map may be an imple 
mentation of difference-of-Gaussians (DOG) computation, 
which roughly Speaking, shows the amount of total curva 
ture of the grey-level image when considered as a topologi 
cal Surface. 

Pre-processor 70a operates on the same input as the 
convolver, and produces, for each input pixel, two maps: a 
gradient-enable map, and an adjacency map, both of which 
are described in detail below. The two computation are 
carried out in the same circuit for reasons of convenience, 
because they share common tasks, mainly the task of deter 
mining the four gradients around a given pixel. 

Computation of the gradient-enable map is described with 
reference to FIG.22. The first task is to compute the absolute 
values of differences of grey-levels along the two principal 
principle and the two diagonal directions, and from this 
information, the coordinates g and de for each pixel can 
be computed as described in connection with FIG. 14. Pixels 
that are mapped into a point above the threshold function 
graph are designated as gradient-enable pixels, and all others 
as gradient-disable pixels. The gradient-enable map So 
obtained is stored in memory 71. 

Threshold register 201 in FIG. 21 contains thresholds that 
were predetermined by the off-line calibration procedure and 
that will be used in the following Stages of the computations, 
as will be detailed below. 

Computation of the adjacency map is described with 
reference to FIGS. 23A and 23B. In this map, for every 
pixel, the neighbors which may issue a “BLACK' recom 
mendation are marked, and Similarly the neighbors which 
may issue a “WHITE' recommendation. This map requires 
eight bits of data: four bits to mark those directions which 
have a steep enough gradient, and four addition bits to mark 
the Sense of each gradient, increasing or decreasing. Note 
that then are only two possible arrangements along any 
given directions: either the gradient is too shallow and no 
recommendation can be issued, or else one of the neighbors 
in this direction is a potential “WHITE recommendant and 
the opposite neighbor a potential “BLACK'. The adjacency 
map so obtained is stored in memory 71. 
The input to convolution processor 200 consists of several 

image maps as detailed below; and additional maps are 
computed during its operation. The final output of processor 
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200 is a revised convolution map that agrees with the 
original convolution map produced by circuit 47 as to 
contour pixels, to allow proper interpolation and precise 
localization of the contours, and may have revised values in 
other areas of the image. The nature of these computations 
and the resulting maps will now be explained with reference 
to FIG. 24, which explains the preferred configuration of 
convolution processor 200. 
The inputs to circuit 200 are: a convolution map from 

2D-convolver 47, gradient-enable and adjacency maps from 
memory 71, a corrected grey-level map from compensation 
circuit 45, and thresholds from threshold register 201. In 
Subsequent Stages of the computation, more maps are com 
puted. The nature of each map and its derivation procedure 
are explained below. 
The convolution-sign map 251 is produced by Simply 

copying the Sign bit from the convolution map. 
Contour map 253 shown in FIG. 24 is obtained following 

the procedure described below. A pixel is classified as a 
contour pixel if it satisfies the following requirements: (1) it 
is enabled in the gradient-enable map; (2) it has a neighbor 
which is gradient-enabled; and (3) the pixel and its neighbor 
have opposite Signs in the convolution Sign map. The map 
that results has the pixels classified into three categories, 
“WHITE” contour pixels (contour pixel, negative convolu 
tion sign). “BLACK' contour pixel (contour pixel, positive 
convolution sign) and “OTHER', or non-contour pixels. 
The optional filtered-contour map 254 (FIG. 24) is 

obtained by passing the contour map through a filtering 
mechanism, if necessary. This is used to remove Small 
Specks from the contour map. This may be useful, for 
example, when the original board is very dirty. The filter 
mechanism operates to transform Some combination of 
“WHITE" and “BLACK" pixels into class “OTHER", in 
accordance with the results of Several Steps of Shrinking and 
expanding the map. Such operations are well known and are 
described, for example, in “Digital Image Processor' by A. 
Rosenfeld and A. Kak, Academic Press, 1982. Vol. 2. pp. 
215-217 which is hereby incorporated by reference. 
The high-Sure/low-sure map (FIG. 24) is obtained by 

comparing a pixel together with its eight neighbors against 
two thresholds. This is detailed in FIG. 25. If the pixel, 
together with all of its eight neighbors, have lower grey level 
values than the threshold G, the pixel will be classified as 
“BLACK'. If the pixel, together with all its eight neighbors 
have higher grey level values than the threshold G, the 
pixel will be classified as “WHITE". Otherwise, the pixel is 
classified as “OTHER. 
Mask-image map 255 (FIG.24) is obtained by combining 

the high-Sure/low-Sure map with the filtered contour map. 
That is, a pixel is classified as “WHITE" if it is “WHITE” 
in the high-Sure/low-sure map, or if it is “OTHER” in the 
high-Sure/low-sure map and “WHITE' in the filtered con 
tour map. A pixel is classified as “BLACK' if it is “BLACK” 
in the high-Sure/low-sure map, or if it is “OTHER” in the 
high-Sure/low sure map and “BLACK' in the filtered con 
tour map. Finally, a pixel is classified as “OTHER'' only if 
it is So classified in both maps. 
The next Stage, as shown in FIG. 24, is painting, the 

purpose of which is to ensure that all pixels are eventually 
classified as either “BLACK” or “WHITE", with no pixels 
of class “OTHER" remaining. Once this is achieved, the 
convolution map is ready to be revised, wherever the color 
of a pixel disagrees with the original convolution sign. The 
resulting revised map is “paint map' 257. 
The operation of painting Stages 256 is now described. 

There are three types of painting procedures: adjacency 
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paint (“A”), majority paint (“M”), and tow paint (“T”). The 
precise Sequence of Steps is application dependent and is 
empirically determined. In the preferred embodiment, about 
10 A steps followed by 2 M steps terminated by one T step 
are used. Common to all Steps is the following operation: a 
pixel of class “OTHER will be changed into one of class 
“BLACK” or “WHITE" provided that one of its eight 
neighbors is of this class and that another specific condition 
is met. This is described in FIG. 26. The specific test 
conditions for each of the three paint types is now discussed. 

For the adjacency, or “A” type pain Step, the condition is 
as follows: if a neighbor is “WHITE' and the grey level 
gradient in the direction of this neighbor is Smaller then 
Some (empirically) predefined constant (negative) number, a 
“WHITE' recommendation is issued. Similarly, if a neigh 
bor is “BLACK' and the grey level gradient in the direction 
of this neighbor is higher than one (empirically) predefined 
constant (positive) number, a “BLACK' recommendation is 
issued. The reason here is that if, for example, a neighbor is 
“white”, and the current pixel is lighter than this neighbor (in 
the grey-level map), then it must be “white” also. Finally, if 
the recommendations of all four directions are unanimous, 
then they are adopted and the class of the pixel is changed 
accordingly. If there is no recommendation, or else, if there 
are conflicting recommendations, the test is considered 
failed and the pixel remains of class “OTHER”. 

For the majority, or “M” type paint step, the condition for 
“WHITE" is this: the number of white neighbors should be 
larger than that of black neighbors. The condition for 
“BLACK' in the reverse condition. 

For the tow, or “T” paint step, the resulting pixel will 
always be classified as either “BLACK” or “WHITE”. The 
determination of the class is by the color of the top three 
neighboring pixels, which have already been processed in 
this step. Thus, out of the three there must be a majority of 
at least two “WHITE” or two “BLACK' pixels. The class of 
the majority determines the class of the current pixel. 

Once painting is completed, revision of the convolution 
map is the next (and last) step to be carried out prior to 
interpolation. The procedure is detailed in FIG. 27. If the 
paint map color agrees with the convulsion sign, then the 
original value of the convolution map is output. Otherwise, 
the output is +1 for a WRITE “WHITE" pixel in the 
paint map, and -1 for a “BLACK' pixel. 

The advantages and improved results furnished by the 
method and apparatus of the present invention are apparent 
from the foregoing description of the preferred embodiment 
of the invention. Various changes and modifications may be 
made without departing from the Spirit and Scope of the 
invention as described in the claims that follow. 
What is claimed is: 
1. A process for producing a binary map of an object 

having a Surface each elemental area of which has one or the 
other of two properties, Said process comprising: 

a) Scanning said Surface to obtain data representative of a 
grey Scale image of Said Surface with a given Spatial 
resolution; 

b) processing Said data representative of Said grey Scale 
image to produce data representative of a map of Said 
object having signed values that identify adjacent 
elemental areas of Said Surface having different 
properties, Said map having the same Spatial resolution 
as Said grey Scale image; and 

c) converting said data representative of a map of said 
object having signed values to a binary map of Said 
Surface with a Spatial resolution higher than the Spatial 
resolution of Said grey Scale image. 
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2. A process according to claim 1 wherein data represen 

tative of the properties of Said Surface are obtained during 
the Scanning of Said Surface, and are utilized during process 
of converting Said data representative of a map Said object 
to Said binary map. 

3. A process according to claim 2 wherein processing: 
data includes convolving with a filter function that 

approximates the Second derivative of a Gaussian func 
tion. 

4. A process according to claim 2 wherein Said data 
representative of the properties of Said Surface are obtained 
by comparing the data representative of a grey Scale image 
of Said Surface with a calibration function. 

5. A proceSS according to claim 4 wherein the calibration 
function is independent of the location of elemental areas 
Said Surface. 

6. A proceSS according to claim 4 wherein the calibration 
function is a fixed threshold. 

7. A proceSS according to claim 4 wherein the calibration 
function is a variable threshold. 

8. A proceSS according to claim 4 wherein the calibration 
function is dependent on the grey Scale levels of the grey 
Scale image. 

9. A process according to claim 8 wherein the data 
representative of the properties of Said Surface involve a 
comparison of the grey level of a pixel in the grey Scale 
image with the grey levels of adjacent neighboring pixels 
Said grey Scale image. 

10. A proceSS according to claim 8 wherein a plurality 
adjacent neighboring pixels to each pixel are involved Said 
comparison. 

11. A process according to claim 10 wherein Said com 
parison is achieved by determining the maximum difference 
between the grey Scale level of the particular pixel and the 
grey Scale levels of neighboring pixels, and averaging the 
grey Scale levels of the particular pixel and the neighboring 
pixel that produces the maximum difference. 

12. A process according to claim 4 wherein Said calibra 
tion function is obtained by an off-line calibration process. 

13. A process according to claim 1 wherein the process 
of converting data to Said binary map includes assigning 
States to those binary map pixels whose States are capable of 
being classified unambiguously, including those binary map 
pixels that are homologous to elemental areas of Said Surface 
identified in Step (b) of claim 1, and assigning States to the 
remainder of the binary map pixels according to pre-Set 
rules. 

14. A process according to claim 13 including computing 
an ordered pair of numbers for each pixel in the grey Scale 
image, and assigning a tentative State to each pixel in 
accordance with a threshold function obtained by an off-line 
calibration process. 

15. A proceSS for producing a binary map of an object 
having a Surface each elemental area of which has one or the 
other of two properties, Said processing comprising: 

a) Scanning said Surface to obtain data representative of a 
grey Scale image of Said Surface with a given resolu 
tion; 

b) convolving said data representative of Said grey Scale 
image to produce a convolution map of Said object 
having Signed values, 

c) producing from Said data representative of Said grey 
Scale image, a binary gradient-enable map for identi 
fying pairs of contour pixels which are pixels homolo 
gous to elemental areas of Said Surface having different 
properties, and a binary adjacency map for identifying 
pixels whose neighboring pixels have a grey level 
gradient exceeding a threshold; and 
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using Said gradient-enable map and Said adjacency map to 
create a binary of Said Surface with Said given resolu 
tion; and 

e) interpolating Said binary map to form a binary map of 
Said object with a resolution higher than the resolution 
of Said grey Scale image. 

16. A process for off-line production of a threshold 
function comprising: 

a) Scanning an object having a Surface each elemental area 
of which has one or the other of two properties to obtain 
data representative of a grey Scale image of Said 
Surface; 

b) processing said grey Scale image to obtain data repre 
Sentative of a binary image in which pixels homologous 
to elemental areas of Said Surface at which transitions 
of Said properties occur have a given State and the 
remaining pixels have the opposite State; 

c) convolving said data representative of Said grey Scale 
image to produce a convolution Score image in which 
the value of each pixel is dependent on the value of its 
eight neighbors as determined by a look-up table; 

d) identify contours in Said convolution Score image; 
e) classify each contour as being good, bad, or unsure; 
f) calculate for each pixel in the grey Scale image, an 

ordered pair of numbers, 
g) plot the ordered pair of numbers for each contour pixel 

that in not classified as being unsure; 
h) compute a threshold function from the plotted ordered 

pairs of numbers as a function that minimizes both the 
number of points associated with pixels from good 
contours that are below the threshold function, and the 
number of points associated with pixels from bad 
contours that are above the threshold function. 

17. A proceSS for analyzing a Surface, comprising: 
developing a first collection of data elements, each data 

element in Said first collection of data elements repre 
Senting optical characteristics of One of a plurality of 
areas of a Surface to be analyzed, 

modifying at least SOme of Said data elements in Said first 
collection of data elements in accordance with optical 
characteristics of areas adjacent, in at least two non 
parallel directions, to the area represented by the data 
element being modified; and 

processing at least Some of Said modified data elements to 
provide a Second collection of data elements each data 
element in Said Second collection representing a Spatial 
location within One of Said plurality of areas of Said 
Surface. 

18. The invention of claim 17, wherein developing said 
first collection of data elements further comprises. 

creating a grey Scale bitmap of Said Surface. 
19. The invention of claim 17, wherein modifying Some of 

Said data elements in Said first collection further comprises. 
applying a filter function to Said SOme of Said data 

elements in Said first collection. 
20. The invention of claim 17, wherein processing at least 

Some of Said modified data elements further comprises: 
interpolating between Said modified data elements to 

locate Said boundaries. 
21. The invention of claim 17, wherein processing Said 

modified data elements further comprises. 
developing a plurality of binary data elements for each of 
Some of Said data elements. 

22. The invention of claim 17, wherein processing Said 
modified data elements further comprises. 

22 
developing a bitmap of Said Surface, each element of Said 

bitmap representing One of Said Spatial locations. 
23. A method for automated Optical inspection of an 

electrical circuit, comprising: 
5 forming a digital grey Scale image of an electrical circuit, 

Said grey Scale image having a given grey Scale image 
Spatial resolution, 

determining locations of edges within pixels in Said 
digital grey Scale image, 

producing a digital map of Said electrical circuit with 
reference to Said edges, Said digital map having a 
digital map Spatial resolution which is greater than 
Said given grey Scale Spatial resolution, and 

analyzing the digital map to detect defects in Said elec 
trical circuit. 

24. A method for inspecting an electrical circuit accord 
ing to claim 23 whereinforming a digital grey Scale image 
comprises a acquiring measured grey Scale data for a 
plurality of elemental areas on Said electrical circuit and 
applying Said measured grey Scale data to grey Scale image 
pixels. 

25. A method for inspecting an electrical circuit accord 
ing to claim 24 wherein Said determining locations of edges 
comprises determining a Sub-grey Scale image pixel location 
of at least part of an edge. 

26. A method for inspecting an electrical circuit accord 
ing to claim 25 wherein Said producing a digital map 
includes providing digital map elements that are Smaller 
than Said grey Scale image pixels. 

27. A method for inspecting an electrical circuit accord 
ing to claim 26 wherein Said digital map elements are binary 
image pixels. 

28. A method for inspecting a patterned Surface, com 
prising: 

forming a digital grey Scale image of the patterned 
Surface, Said digital grey Scale image having a given 
grey Scale image Spatial resolution, 

determining locations of edges within pixels in Said 
digital grey Scale image, 

producing a digital map of Said electrical circuit with 
reference to Said edges, Said digital map having a 
digital map Spatial resolution which is greater than 
Said given grey Scale image Spatial resolution, and 

analyzing the digital map to detect defects in the pat 
terned Surface. 

29. A method for inspecting a patterned Surface according 
to claim 28 wherein forming a digital grey Scale image 
comprises acquiring measured grey data for a plurality of 
elemental areas On Said electrical circuit and applying Said 
measured grey data to grey Scale image pixels. 

30. A method for inspecting a patterned Surface according 
to claim 29 wherein Said determining locations of edges 
comprises determining a Sub-grey Scale image pixel location 
of at least part of an edge. 

31. A method for inspecting a patterned Surface according 
to claim 30 wherein Said producing a digital map includes 
providing digital map elements that are Smaller than Said 
grey Scale image pixels. 

32. A method for inspecting a patterned Surface according 
to claim 31 wherein Said digital map elements are binary 
image pixels. 

33. A proceSS for analyzing a patterned Surface, compris 
ing. 

developing a first collection of data elements, each data 
element therein representing One of a plurality of areas 
of Said Surface, and 

15 

25 

35 

40 

45 

50 

55 

60 

65 



US RE38,559 E 
23 

processing at least SOme data elements in Said first 
collection in accordance with an optical characteristic 
of areas adjacent, in at least two non-parallel 
directions, to the area represented by a data element 
being processed to provide a Second collection of data 
elements, each data element in Said Second collection 
representing a Spatial location within One of Said 
plurality of areas of Said Surface. 

34. A proceSS for analyzing a patterned Surface according 
to claim 33 wherein Said patterned surface is a Surface of an 
electrical circuit Substrate. 

35. A process for manufacturing an electrical circuit 
SubStrate, comprising: 

depositing at least One conductive member On a Surface of 
an electrical circuit Substrate, 

developing a first collection of data elements, each data 
element therein representing One of a plurality of areas 
of Said Surface, 

modifying at least SOme of Said data elements in Said first 
collection of data elements in accordance with optical 
characteristics of areas adjacent, in at least two non 
parallel directions, to the area represented by the data 
element being modified; 

processing at least Some of Said modified data elements to 
provide a Second collection of data elements each data 
element in Said Second collection representing a Spatial 
location within One of Said plurality of areas of Said 
Surface, 

analyzing Said Second collection of data elements to 
detect defects in Said electrical circuit Substrate. 

36. A process for manufacturing an electrical circuit 
SubStrate, comprising: 

1O 
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depositing at least One conductive member On a Surface of 

an electrical circuit Substrate, 
forming a digital grey Scale image of Said electrical 

circuit SubStrate, Said digital grey Scale image having 
a given grey Scale image Spatial resolution, 

determining locations of edges within pixels in Said 
digital grey Scale image, 

producing a digital map of Said electrical circuit SubStrate 
with reference to Said edges, Said digital map having a 
digital map Spatial resolution which is greater than 
Said given grey Scale Spatial resolution, and 

analyzing Said digital map to detect defects in Said 
electrical circuit Substrate. 

37. A process for manufacturing an electrical circuit 
SubStrate, comprising: 

depositing at least One conductive member On a Surface of 
an electrical circuit Substrate, 

developing a first collection of data elements, each data 
element wherein representing One of a plurality of areas 
of Said Surface, 

processing at least SOme data elements in Said first 
collection in accordance with an optical characteristic 
of areas adjacent, in at least two non-parallel 
directions, to the area represented by a data element 
being processed to provide a Second collection of data 
elements, each data element in Said Second collection 
representing a Spatial location within One of Said 
plurality of areas of Said Surface, and 

analyzing Said Second collection of data elements to 
detect defects in Said electrical circuit Substrate. 
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