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PATTERN RECOGNITION FOR AUTOMATIC VISUAL INSPECTIONf

" Abstract

Three major approaches to pattern recognition, (1) template wmatching,
(2) decision-theoretic approach, and (3) structural and syntactic approach,

are briefly introduced. The application of these approaches to automatic

visual inspection of manufactured products are then reviewed. A more gen— .

eral method for automatic visual inspection of IC chips 1is then proposed.

Several practical examples are ‘included for illustration.

I. Introduction

There are many methods proposed for designing a pattern recognition

system. These methods can primarily be grouped into three major approaches;'

namely, template matching U133, decision-theoretic or diécriminant approach
£1-91, and syntactic and gtructuraL approach E10-123. From a more general
viewpoint, thesé approaches can be diécussed Wwithin tﬁe. same framework in
terms of pattern representation and decision—making {based on a given pat-
tern represantation). A block diagram of a pattern recognition' system,
based on this ageneral point of view is given in Figure 1. The subproblem of
pattern representation involves primarily the selection of representation.

The subproblem of decision-making involves primarily the salection of deci-

sion criterion or similarity measure. Other approaches dinclude oproblem—

T This work was supported by the National Science Foundation Grant ECS
73-16970.




solving modéls 143, categbéy theory [151 and relation theory £1613.

In the template-matching aﬁproach, a set of templates or prototypes,
one for each pattern class, is stored in the machine. The input pattern
With unknown classification is matched or compared Wwith the template -of each
class, and the cLagsificationlis based on a preselected matching criterion
or similarity measure (e.g., correLationj, In other words, if the .input
pattern matches the template of ith pattern class better fhan it matches any
other templates, then the inﬁut pattern is classified as from the 1ith pat-
tern c¢lass. Usually, for the simplicity of the machine, input patterns and
the templates are represented in their raw-déta‘ form, and the decision-
making process is nothing but matching the unknown input to each template.

The template—matching approach has been used in some existing printed-
character recognizers and bank-cﬁeck readers. The disadvantage of this ap~
proach is that it is sometimes difficuLt to select a good template for ~each
pattefn class, and to define an appropriate matching criferion. This diffi-
culty is espeﬁialLy remarkable when large vaf%ations and distortions are ex-
pected in the Vpatterns under study. Recently, the usé of flexible

template-matching or “ecubber mask" techniques has been proposed [171].

II. pecision-Theoretic Approach

In the decision-theoretic approach; a pattern is represented by a set
of N features or an N-dimensional feature vector, and the decision—-making
process is based on a similarity measure which, in turn, js expressed 1in
terms of a .distance measure or a discriminant function. InAorder to take
noise and distortions into consideration, statistical and fuzzy—-set methods
have been proposed [191. The characterization of each pattern ctass could

be in terms of an N-dimensionatl class-conditional probability density func-
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tion or é fuzzy set, and the classification (decision—-making) of patterns is
then based on a (parametric or nonparaﬁetric)'statﬁsticaL decision rule or
(fuzzy) membership function. A block diagram of a decision-theoretic pat-
tern recognition system is given in Figure 2.

It should be noted that the template-matching approach could be regard-
ed as é special case of the‘decision—theoretic approach. In such a case,
each pattern is represented‘by a feature vector, and the decision-making
process is based on a éimpLe simitarity criterion such as the use of corre-
Latioh.: |

' Applicgtions of decision—theoretic pattern recognition include charac-
ter - hecoénition, biomedical data analysis and diagnostic decision—making,
remote sensing, target detection and jidentification, failure analysis and
diagnosis of engineering systems, machine parts recognition and inspectioﬁ
in the automation of manufacturing processes, processing of seismic waves
modeling of socio—economiérsystems, and archacology (classification of an-

cient objects) U181,

11I1. Structural and Syntactic Approach

In fhe structural and syntactic approach, a pattern'is often represent—
ed as'a str{ng, a tree or a graph of pattern primitives and their relations.
The decision-makinag process is in general a syntax analysis or parsing pro-
cedure. Special cases include the use of similtarity (or distance) measures
hetwoen two strings, two trees, or two graphs. A block diagram of a
structural/syntactic pattern recognition system is given in Figure 3.

Conventional parsing reguires an exact match between the unknown input
sentence . and a sentence generated by the pattern grammar. Such a rigid re—

quirement often limits the applicability of the syntactic approach to



noise-free or artificial patterns. Recently, the concept of similarity
measure between two sentences and between one sentence and a language has

bean developed. Parsing can be performed using a selected similarity (a

distance measure or a liketihood function), and an exact match becomes un— .

necessary. Such a parsing procedure is called "error—-correcting” parsing.

i1t should be noted that the tempLate-métching approach Vpould also be
regarded as a special caée of the syntactic approach. In such a case, each
pattern is represented by a sfring (or tree, or graph) of primitives and the
decision-making process is based on a similarity or distance measure bgtween
two strings (or two trees,-orltuo graphs}.

Applications of syhtactic pattern recognition inc(ude character recog-
nition, waveform analysis, speech recognition, automatic inspection, finger—
print classification and jdentification, geological data processing, target

recognition, machine part reﬁognition and remote sensing C[10].

IV. Automatic Visual Inspection

In this sectidn, we uiLi briefly review published works of automatic
visual inspection.* GenefaLLy speaking, visual inspection techniques found
in today's Literatufe fall into three general categories: (1)'pixéL-byfpixeL
comparison of the sensed émage of the product to be inspected with some
reference pattern (or image), (2) feature inspection method, and (3) generic
property verification method. It is not difficult to see that these three
inspection methods almost coincide with the three major approaches in pat-

tern recognition described in Section I - Section II1l.

*

Although the review here is limited to automatic visual inspection, the
general methodology presented in this section should be useful also to
other inspection tasks.
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The idea of the pixel-by-pixel comparison method is very simple and
straightforgard. Assume that we want to inspect a certain product. First,
we generate a defect—free image P of the product. P is called the master
image (6r reference image) for the inspection task. Such a master image can
be generafed by the computer or by taking a picture of a deféct-free pro—
duct. P s a tﬁo—&iﬁension array of data to be stored in the computer

memory. The numerical value of each pixel represents the gray level at that

_particuLar pixel. Secondly, the product to be inspected is placed under the

sensor to generate a "sensed image" W. ThirdLy, the jmage W is properly
aligned to the master image P and then a gray value comparison on the
pixeL-by-pixeL basis is carried out between them. Suppose thatr Wix,y) is
the :gray_ value for the pixe(-uhose coordinate is (x,y) in the image‘N ana
P(x;y) is the gray value for the pixel whose coord{nate is (x,y) in the im~
age P. Then P(x,y) is subtracted from N(x,y).to get D(i,y). That D(x,y) is
zero implies that W is perfect at the pixel (x,y). [If the absolute value of
D(x,y). exceeds some preset threshoLd, W is bad at the pixel (x,y}.

Mountjoy et al. [26] described an experiment of detecting missing cir—
cuit components. The stored master image is subtracted from the sensed im-
age. The difference jmage resulting from such a subtraction can be used to
Locate missina components. Today, almost all of commercial machines for au-
tomatic or semi-automatic visual inspection work on such a pixel-by-pixel
comparison strategy. The Metron circuit board comparator manufactured by
the Metron Optics, Inc. in california is built around the comparison of a
production\ line circuit board with a "master" board, jdentical sections of
which are projected on a brightly Lighted screen as mirror images of each
other. These matching sections are seen magnified and flowing out of a

center dividing line on the screen. Components that don't match are errors.




The automatic printed circuit verifier manufactured by Altman Associates,

Ing. in Connecticut uses two idehticalty tracking scans. One determines the
proper dimensions of the_board pattern by examining tﬁe artwork. The_second
sgan éxémines the input board to be inspected. The verifier does not re-
quire identicality betueén'the artwork and the input board. Instead, _the
verifier makes accept/reJect decisions based on tolerances and decision ¢ri-

teria stored in the memory of the microcomputer controLLer.

At'HoneyweLL's-Large Information System Division in Phdenix, Arizona,

computer technologists are developing micropackaging technology for large

scaLe-intggration computer systems. The basic buitding block of the systems

is a "micropac", consisting of a 3 inch x 3 inch substrate coated with 1&

Layers of dense screen—printed patterns. The inspection system [241 which
is manufactured by Photo Digitizing System, Inc. stores a master image of a
perfect printed pattern in the computer mass storage. Production units then

are scanned and - compared with a master image at a rate of 2 miLklion

pixels/sec. Thé digital video inspection system manufactured by video Tek

Inc. in Mountain Lakes, N.J. employs the same comparison technique [231.
The.system compares the image of the printed circuit board being inspected
rwith that of an acceptable board, previously stored in memory, and identi-
fies defgcts on the video display screen for operator action.

The Hitachi Corporation in Japan deveLoped‘an automatic reticle inspec-
tion machine, which is n;med “ARI-system'. A reticle is a photomask of -one

LST pellet pattern. The dimension of the reticle is usually ten times as

large as the real pellet pattern sjze. At first, the standard reference

pattern for the reticle is generated from the magnetic tape data. And then
the actual reticle to be inspected is compared with such a computer generat-

ed standard pattern pixel-by-pixel to Llocate all defects. Hitachi also
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deveLoped an .automatic mésk inspection machine for semicoﬁdﬁctor photomasks.
This machine inspects two phdto masks of the same kind siﬁuLtaneousLy based
on the principle of pixeL-by—pixeL comparison between the carresponding
parts of two masks. The machine consists of a mask carrying XY table, a
pair of microscopes of the same magnification with auto-focusing mechanism,
and a pair of photo diode array.  Initiatly, those two masks are placed on
the XY table and are manually aligned. Any difference between the two s
detected and recorded. One implicit assumption of this syétem is that at
any pérticuLar pixel, there is at’ most one of them is defective.

1to [27] developed a color-effect method for the detection of'any small

" defects of LSI mask patterns. . Essentially, this is a pixel-by—pixel compar-

ijson technigque. A master pattern is illuminated by red Light, while the
pattern to be inspected is dlluminated by green'tight.. These two images are
projectéd onto. a screen to produce a composite image. Pixels in this compo-
site image which have a color of either black or yellow are defect~free.
Any pixel with a red color represents a convex defect. A convex defect
means that the master mask is augmented by spurious mask pixels not intended
by design.. On the other hand, any pixel with a green color fepresents a
concave defect. A concave defect means that part of the master mask is

missing. The major advantages of this method are its. simplicity and high

speed. The comparison process js carried out simultaneously for every pixel

in the image. Therefore, it is_idegl for_appLications which demand an in-
stant response. But this method requifes the storage of the master image in
memory. Lt may not be practical if the memory resource is Limited. Another
shortgoming 1is the inflexibility of inspection criteria. Any inspection
criterion that includes more information than just the gray véLUe of a pixel

cannot be easily implemented by this method. Throughout this method, each




pixel is processed independent of its neighbars. That is to say, contextual

information contained in the image has been ignored.

V. Feature Inspection Method

In this method, a storage of the master image P is not needed. In-

stead, a set of character1st1c measuremants, called features, are extracted

from the master {mage P and stored as the reference feature vector F(P). As .

beforg, the product to be inspected is exposed to the sensor to generate 3
sensed image W. By taking feature measurements on the image W, we can get
the feature vector F(N) 'of W. Then the feature difference vector D(W) =
.F(w) - F(P) is obtained by subtracting F(P) from F(W). The vector D) is
'-examined with reference to the inspection criteria to detect any existent
defect. | |

KLein ana Breeding EBD].aeveLoped én automatic inspection system for

the detection of faults in the bubble memory overlay patterns. The images

used are binary images. Each time a smakl block of the whole image is in—.

spected. - Two sets of histograms are obtained from such a bLock; horizantal
and vertical. «The 1th element of the horizontal histogram represents the
number of white cells on row i ofrthe block. Similarly the jth etement of
the vertica} histogram represents the number of white cells on column j of
the block. These two histograms are then compared with those of a3 standard

pattern to localize the faults in the block.

Baird [31,321 developed a visual inspection system. The product to be

inspected 1is composed of Iwo components: A Darlington IC chip and a heat
sink. Firstly, the relative position of the parlington IC chip with respect
to the heat sink is determined. 1f the chip is found to be off the edge of
the heat sink or too close to the weld cup, 2 misregistrafion defect 1is

found. Secondly, the inspection focuses on the integrity of the IC ch1p.




In other words, broken, cracked, under-siiéd, fractured and. missing chip
have,tb be identéfied. The feature used here is the contrast.across'each of
the four boundaries of the Darilington IC chip. Contrast is computed as the
difference Dbetween the avérage gray value along the chip_boundary'and the
average gray value of the heat sink adjacent to the chip boﬁndary.- If. the
entire boundary of the Darlington IC:Chip breaks apart, the contrast will
fall bélou some preset threshold. Thereby the system would recognize_it as
a defective chip.

Jarvin [371 has designed a system for the inspection of uestefn Elec—.

itric Series 700 conmnectors. The connector consists of a stotted "U" shaped

.contact, preassembled into a two—piece sealant-filled plastic housing. A

-splice 1is made inserting the wire into the housing and compressing it to

make the contact cut through the wire‘insutation,‘and thus to make the con—
nection. The connector {s inspected by viewing it from the side using
transmitted Light. Nine features in terms of gray-level intensities ﬁn the
contact and sealant areas are used to characterize a connection. Inspection
is carried out by an aLgofithm involving these nine features and thresholds
that have.been determined to separate the good and the bad parts.

In the feature inspection method, thernumericaL specification on vari-
ous features often represents a satisfactory characterization of the pro-
duct. But when we aré dealing with a quite complex product, nice and power-
ful features can not be found easily or clearly defined. In this case, we
need to explore the imagerdeepLy to gain the insights. Consgqqentty, a more
general and suitable approach to a better characterization of the product is

needed. Such a general approach is proposed in Section VII.
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. Vi. Generic Property Verification Method

This method is the commonly called non-reference. method and has at-
tracted hanyrresearchers in recent years. The most'striking characteristic
gf such a technigue is that no comparison of any form between the sensed im4_
age W and the master article is needed; Here, the phfasax"master article”
(or thé defect-%ree products rather than "master image" 1is used because the.
masfer image may not exist at all. This method relies on its kqowLedge of
Llocalized generic properties_onty. The knowledge of these generic proper-
ties is traﬁsformed into a set of generally applicable rules. A small win-
dow is moved over the whole sensed. image W. At each particutaf placement of
the windou only the uindow-areé'ié investigated. If the current window area
viotéfes fhe set of general rules, a defect is found.

A qumbeh of researchers have claimed success by making use qf this
method. Ejiri et al. [28] successfully desiéned a pfocedure of detecting
de*eéts df printed circuit hoards. His observation is that both the conduc-“
tor.'patterns and  insulator patterns on a printed circuit board are drawn
Wwith a fdﬁnd—tip pen and therefore can be regarded as Round Goth{c patterns.
In other words, there should exist neither a small portion of conductor,patt
tern or insulator pattern, whose radius of curvature ié Less thaﬁ the diaﬁe—
ter of the round-tip pen, nor a ﬁarrow portion of the conductor pattern or
the insulator pattern.ﬁhose width is less than the diameter of the round-tip
pen. These are the general rules that detect local defects. Sterling (291
designed an inspectioh system for prinfed'circuit boards by using the run
Length approach. Each time; only two consecutive scanlines are examined.
He worked oﬁt a set of restrictions similar to those observed' by Ejiri.

Such a set of restrictions are used to detect defects.
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'_ A mask pattérn jnspection system developed by Hitachi Corporation in

" Japan also uses the third method [333. Such a system can be applied to the

inspectiqn of a mask pattern which contains horizontal, uerticaLrand 45° di-
agonal Lline patterné only. A set of templates were developed heqristicaLLy.
These tempLateé'aﬁe then movéd across the whole image. At each placement of
these fémptates, some defect conditions are checked. A Lline segﬁent that is
neither horizental nor vertical nor 45° diagonal can be detected and Located

if those defect conditions are met at some particular placement of the tem-

pLategl

Another way fo represent the set of generiﬁ.pr;perties is the use of a
set of structural or grammar rules. The inbut pattern is first extracted
and‘processed and then represented by a string. The grammar rules are then
applied to the étring to detect Llocal defects. Jarvis [36] designs a gram-
mar that characterizes a few defects of printed wiring boards. The conduc-—

tor boundary pattern of the board under inspection is preprocessed and

transformed into a string. Then the string is analyzed to see if any part

of it matches the defect grammar. Should it happen, a defect of that type

15 found.

Mundy and Joynson {391 have developed a system for inspecting industri-
al parts, such as lamp filaments, screw threads, ‘springs, etc., using the

syntactic approach. The system uses a set of (finite—-state) grammar rules

to analyze the median curves of parts. Straight Line approximations are

first performed on the median curve of the part under inspection. Straight
Line segments with different lengths and slopes are used as primitives. The
median curve is now represented by a string of primitives and analyzed with
respect to the set of grammar rules inferred from a training set of good and

defective parts. The approach used is sufficiently flexible to be a candi-
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date approach for inspecting any manufactured pért where the median curve is
a good répresentation..

Hé may be surpriéed by the fact fhat a small set of heuristicaLLy’~in—-
ferred general rules can be applied in a simple-minded way to solve quite a
LaEge cLassrof visual inspection problems. This can be explained in part by
the fact that 4n so many inspection tasks, we are only interested in some
position;independent, qualitative properties of the product undar inspec-—
tidn. Apparently, such technique can be applied successfully only when the
inspection criteria can be transformed into a set of rules that can be ap-~
plied equally well throughout the whole image. When the inspection criteria

 demand'uneven tolerances at different places, this technique is crippted.’

For exémpLe, some parts of the image are so critical that only a tight._-,

tolerance is allowed, while other partslare Less critical that the restricf.
tions are generous. . This is typical in the inspection of electronic pro- .
ducts where d%fferent devices demand varying degrees of tolerance.

There are other works which cannot be clearly classified into one of
the three approaches. For exampté, Goto et al. [341 designed a systgmiforﬂ'
the inspection of IC mask patterns, whose operation-is not excLusiveLy' con~

fined 4in the third category. A hierarchical detection algorithm is used.

-~ At the first level, small defects of local areas are detected. At" the.

second level, local features are combined into macro features to detect mac?u
ro defects. Heuristically induced geometric rules are apptied to the pfOf.
cessing of both Llevels. . Some defects such as a line pattern stowly grow;_‘
thinner until its uidfh goes below a minimum limit can not be detected DY .
the above generic rules. Therefore, a third level processing of feature
measurement is added in which the pattern widths and gaps are measured to

detect smooth defects.
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When if comes to the inspection of a really complex circu%t-retated'
product, for. example, the inspection of a moﬁoLithic integrqted'circuit,
none'of'the three approaches appears to be powerful enough to solve the
problem. . Therefore, a more genérat approach is neédea. Such a general ap-
proach, which might.be considered as a combination of éeneric property ve-

rificatijon and feature inspection methods, is discussed in Section VIL.-

VII. Automatic Inspection gj-EE_Chips

.Thé proposedfautomatic visual inspection system- for . IC chips E40,41i
consists pf two subsystems: (1) the image segmentation ana registration sub~
system, and (2) the visual inspectﬁon-subsystem. The bLock diagram is shown
in VFig. 4. An IC (master) layout pattern is madé from n mask.subpatterns
' superimposed on each other, where n depicts the number of planar steps dur-
ing the IC fabricatioh.procéss. Since each mask subpattern consists of pri-_
_ﬁariLy straight_[iné segments,'a natural choice of a pfim{tive is a ULline
segment. In bétween tHe mask subpatterns and primitives, we can also intro-
duce module subpatterns. In terms of the syntactic pattern récognition ter-
minology, the pattern P can be decomposed into n subpatterns, each subpat—
tern can again be decomposed into module subpatterns, and then each mpduLe
subpattern is described by a composition of primitiveé (line segments).

The purpose of image segmentation is to.extract the image of the IC
Ehip from the background. This can often be done by a simple thresholding
method. Next the gross registration of the IC chip is achieved by determin-
ing the orientation and position of the mask frame of the IC chip. Then the
coordinate axes of thé IC chip can be aligned with the axes of the inspec-
tion machine. Since an IC chip image is in general a mutti-Layér image,
each mask subpattern has to be micro-registered separately and 1independent-

ly. The detailed block diagram of the proposed IC visual inspection system
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js given in Fig. 5. 1In fFig. 5, eight types of 'IC defect are considered.
The collection of dmage filters 1is called a task—-dependent and cdntext*
dependent image transformer. Although its particular operation depends on
the type of defect under investiéation, the proposed image transformation
carries out the following three basic functions: (1) focusing, (2) redudtion
of ambiguity by making use of contextdra( information, and (3) image coding.

Important features for inspection dinclude (1) the threshoLd that

discriminates aLuminum-covered pixels from aluminum-free pixels, 2) the

width requirement of an aluminum module subpattern, and (3) the contrast

between a ~mask subpattern and its neighborhood or context. Various thres-

holds are determined from a training set of IC ihages and/or design database

for these features. The outputs from the eight defect detectors are then
summarized by a classifier, which, using simple logical operations, classi-

fies the IC under inspection into three classes: (i) accept, {ii) reject,

and (ii1) to be reworked. An accepted IC chip is passed on to the final.

packaging system, which solders the IC chip to the package substrate by the -

so-called die-bonding process [42-441.

VIII, Concluding Remarks

The purposes of automatic jnspection of manufactured broducts‘ are (1D
detection of defects, and (2) verification of performance. Many pattern
recognition techniques have already been applied to automatic inspection
with successful results. It should be kept in mind that the special charac-
teristics of automatic inspcction include: (1) the inspectiﬁn test mus{_ be
nondestructive, (2)'Fhe inspection process can usually be conducted under a
controLLgd envirohment‘(e.g., selection of illumipation and sensors), and
(3) a stringent performance requirement, such as high speed, accuracy nd re-

Liability, is often required.  The characteristic (2) appears to be an ad-

Vi

Hi
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vantage in applying péttern récognitibn methods to automatic inspection.
However, characteristics (1) and (3) -often result in fairly strong con—
straints in practical applications. As almatter of fact, the stringent re-
guirement of’high.speed performancé often Limits the application of pattern
recognition methods to rather simple ones. Most visual inspection tasks are
carried out on the basis of simple shape features énd/or heufisticatly in-
ferred structuraL.or‘design rules. Nevertheless, with the recent progress
in speciaLrcomputér‘aﬁchitectuheu(é.g., array processing, pipeline process-
ing éﬁdrparaLLeL probesging) and VLSI fechno[bgy, it should be possible to
apply more sophisticated ‘pattern recognition techniques to more difficult
automatic'inspection problems.
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