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AÎstract 
, , 

1 

Visua' inspection forJ1'4S ,an" in1porta~t part of the n:tanufacturina p~ceSs of hybrid 
circuits. Currently. such inspli!ction is pe~ .. ed by hl:lm~h inspectOfs. !n this t~esis. 
a computerized automated' vtsJ/Jaf insp~tion system is ~ilned for the 'inspèction of bare 

hybrid boards. This.system detects d8f~ts on different Îayers of the cir~uits. analy~ these 

defect~ and gives descriptive' as weil as statistical informatÎon aboui them. The system 1 -

- consists of low level fault deteeting routines and a r",'e-based prodClc~ion system. The rule­
based system pe~orms the $eneral management of the s,yst,em 'as weil as expert anàlysis 

.of defeets. The system is test«l on real samples of hybrid circuits and its performance is 
\, a ' • 

sat'sfactory. 
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''Résunlé 

Résumé' 

I~ 
;/ . , , ; \; . 

" 

L'inspettion visuelle joue un rate important dans le procéc:W de produc:tion des circuits 
, / ,_ 1 .. _ 

hybrides. Aujourd~hui. ce type dïnspection est accomplie par ,des iri$pecteu'rs humains. 
'f t 41 ... 1 , 

Cette thèse prf$!nte un système automatique d'inspection visuellë désigné pour l'inspection 

des plaques hybrides~ sa~s composantes. Ce syst~me détecte d~ défauts aux différents 

niveaux des circuits,. analyse· ces défauts et én donne de nn,formation d~criptivë aussi b~en • 

que statistique. le ~ystème consiste en (leua niveaux:· lis routines i" bas niveau et un 

système expert. le système expert performe la gérance générale du syst"'" aussi bien que 

ranalyse experte des déf~~s, le système est éprouvé sur des examplair~s réels de circuits 
é, \ 

hybrides et montre une performance satisfaisante. 
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Chapter 1 The Hybrid Circuit Visual Insti 
~~ , '. roblem. 

. .' , 

J ~ 

.\ \, 

1.1 Introduction ! ' 

,\ 
.. \ 0 

Hybrid circuits are electronic circuits whic~ are built by combining the traditi0'1al printed 

circuit board design philosophy with a printing method ca lied thick film technology. In 0 

hybrid circuits. one or more layers oi conductors are printed on a ceramic board. sepéirated· 

wherever necessary by layers of die'ectrics. Resistors which are printed on top ~f the 

conlluctors are 'trimmed in order to' achieve the' desired resistance. Discrete compottents 

such as capacitors and integrated cir:cuits are soldered on top of ail the printed laye~ bn 
- . \ 

the circuit. which isc9mpleted by the addition of a lead frame and overglazing. See Figure 

~.1 for a picture of a hybrid circuit. 
'" f, '~ . 

The manufacturing process of thetiYbrid circuits involve~ several steps of printfng. 
, -- , 

drying. firing in avens. soldering. and other specialized steps sucti as laser cutting or 

abrasive trimming. F~'Ults occurring during these production s~eps are nof always detectable 

or locatable by electrical tests but can still be fatal to the operation of the circuit. Therefore. 

another method for the inspection of the circuits is necessary. In order to understand why . , . 
visual inspection has been selected by today's manufacturers as weil as "in the system 

prese~ted in this thesis. a close look at the manuf~cturing process ~f hybrid circuits is 

necessary. Section 2 of this chapter is a detailed description of hybrid circuits. 

This thèsis deals with the design and testing of an automated visual inspection system 

for hybrid circuits. The design of such a system involves two steps: Creating th~ appropriate 

algorithms to detect the commonly occurring defects during the manufacturing of hybrid 

circuits. and designing a rule-based production system which,wi/l ana/yu the data provided 
• > 
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by these algorithms and will give information about the appropriate actions to take when . 
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1.2 Description of Hybrid Circuits 

, , 

Figure 1.1 • A hybrj'd C;ircuit 

such defeets 'are found. Such a system has been modeled a,nd imptemented in this thesis . 

The system is able t~ analyze the two-dimensional features' of hybrid circuits during their 
" ~~~ , 

production. detect error.s. and genèrate detailed information about:th.em. 
/\ 

!\j( 

1.2 Description of Hybrid Circuits <0 

cl 

1.2 .• ' Introduction 
~ . 

There dre many m~nufacturers of hybrrdjclrcuits ln today's ma'rket.. They have .various 

types of hybnd Circuits. ~Ith different componel1ts. layers. and layouts, Naturally. thelr " 
, . 

design rul~s and 'quality specIfications also vary. but the main ph,losophy remain~ the 

.. 

l 

o 

, 1)' ' Il ~", d' ' 

• ~ame, Throughout this thesis. hybnd circuit design and mspection ru'~~ are inspired from ."-

the related Northern Telecom documents ([Hopkinson80aj. [Hopkinson80b}. {Lofthouse81). 

(NorthernB1J) and From personal conversations with Northem Telecom engmeers. The 
" , 

automated vis~al inspection system is also designed to satisfy Northern Telecom's de~ign 

rules and inspection criteria. but can be easily modified to fit any oth,er set of rules. 

1.2.2 How Are Hybrid Circuits Built 
, . . 

A~ mention~d eartier. hybrid circuits are ma~e or three basic .parts: ceramic substrate. 

2' 
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1 2 Descnptlon of Hybrid Circuits 

Figure 1.2 Typical substrate defects 

printed layers. and discrete components The printed layers generally consist of conductor. 

dieJectnc. res/stor and overglaze layers A description of the various parts of the hybrid 

CirCUIt follows 

, 
1.2-.2.1 Ceramic Substrates 

Ceramic substrates are thm ceramic plates on which the layers are pnnted and the 

components soldered. They can be large plates on which several j'cuits are prmted. and 

the plate is eut mt.o separa te circuits before the mounting of discretè components. Ceramic • 

substrates should be clean -and should not have any crac~s or missing pleces that would 

affect the proper oper~tlon of the circuit The faults occurring on ceramic substràtes whlch 

might affect the operation of the CIrcuit depending on their size or locatIon are the following: 

cracks. chipouts that reduce the width of conductors or of areas of solder pads beyond a 

certain limit. chipouts that damage reslstors. burrs that will increase the width or length 

of the subsfiate more than a certain value or keep the lead frame attachment more than a 
~ 

certain distance from the substrate These faults are illustrated ln Figure 1 2. Obvlously. 

sorne of these can be detected before any printing occurs. wherea.others can be classified 

as fatal or acceptable only aftet layers or discrete components are placed on the substrate. 

Of course. there is even t~e possibility that some of these faults will not appear at the 

beginning of the production process but will occur du ring the process. perhaps resulting 

from improper manipulation or accidents. Therefore. the ceramic substrate should be 

insp-ected not only at the beginning of the assembly but also during different stages and in 

parti~ular when the whole circuit is assembled. 

1.2.2.2 Conductor Layers 
• 

Conductor layers are the first layers printèd on the substr~te. As opposed to printed 
'"$., 

3 



1 2 Description of Hybrid Circuits 

circuits where conductors are obtamed by etching on a surface totally covered with a metal 

layer, hybrid circuir conductors are obtained by being printed with a process called thick 

film technology. This "technology consists of first manufacturing a "sc,reen" of the pattern 

that is wanted on the circUit. and then print;ng a paste of desired qualities on the substrate 
... 

through that screen. The screen IS made of a very fine steel mesh where the ~ttern IS 

obtained by covering the unwanted parts of the pattern by a layer of paint that clogs the 

holes of the mesh. When this sereen is put on top of the substrate and the materlaJ to"o 

be printed is pressed on it wlth a rubber edge commonly known as a 'squegee. only those 

parts of the screen that were not covere<l by paint pass the materlal onto the surface of 

the substrate. r~sultlOg lOto the deslfed pattern bemg pnnted on the substrate. Figure 1.3 

summanses tl1e thick film pnnting process 

The pattern on the sereen itself is prepared by a photographlc process not unlike the one 

used for printed circuit boards. The patterns are designed manually. Sinée one screen can 

be used to print tens of thousands of substrates. the deSign of the screens constltutes a very 

minor part of the whole production process. The photographic films used to manufacture 

the sereen are 'perfect' models of the GrcUit. In tj1e system deseribed in this thesis. the 

digitized plctures of such films are used as models of the cirCUit under consideration for part 

of the analysis performed. It is hoped that in the future the pattern~ for the screens will be 

computer generated by a CAO/CAM system. Under these circumstances the data will be 

directly available to the inspection system without going through the pOSSible distortions 

caused by the digitizing process. 

The materials that are printed uSlng the thick film technology are pastes of the ap­

propriate electrical qualities (e,g. conduetive for conductor layers. resistive for resistors. 

non-conductive for dielectrics). and it is necessary to dry and fire them 50 that they can 

be fixed and hardened on the substrate. Firing i5 do ne in special ovens where the proper 

temperature and ventilation IS maintained. Errors can occur during any of the steps of thls 

process and therefore thé ,çircuits should be examined at every stage. 

Conductors are gener~lIy printed on only one side of the substrate. but in complicated 

circuits. it is sometimes advantageous ta print them on both sides.- in particular to obtain 

additional connections between leads. On the main side of the circuit. there can be several 

. layers of conductors printed on top of each other. allowing more flexibility for the design of 

the circuits. These Jayers are electrically separated by prin-ted dielectric materials. except 

in locations where electrical connections between layers are wanted. 
'f 

Various parts of conductor layers are meant to accomplish different tasks. Conducto, 

4 
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r 
a Pattern to be pnnted 

1 2 Description of Hybnd Circuits 

b Pattern IS printed on a steel mesh 
by a photographie proeess 

1 o s~~.t.",t. r 
c The sereen is pressed onto the sub· 

strate. paint is smeared onto it with 
a squegee 

t· ... '!' 
Figure 1.3 

d Substrate has pattern printed on 
it. The paint dries and hardens af· 
ter firing. 

Thick film printing process 

, 

paths are generally. long and narrow parts of the circuit which electrically connect two 1 
points in the circuit. Solder pads are rectangular shapes of a certain minimum area on j 

which discrete comp~nents are soldered. Final/y. probe pads .'ook similar to solder pads j 
but they are used as con'ductive points on the circuit for electrical tests. From their functions 

it can be easily understood that solder pads and probe pads should never be covered by 

non-conductive materials. although conductor paths should be protected by an overglaze 

layer. 

Faults that can occur in conductor layers are the ones that can affect theïr electrical 
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1 2 Description of Hybrid Circuits 

Figure 1.4 Typical conductor defects 

propertles. causing open or short circuits. Therefore reduced widths of conductor paths. 

reduced areas of solder or probe pads. voids or porosities are acceptable only up to a certain 

point since an excess of any of these would cause an open circuit. Reduced distances 

between two conductors. spreading. splattering or extensions of the conductlve material 

might cause short circuits and therefore should not exceed a certain threshold either. Figure 

1.4 gives examples of errors which might occur on conductor layers. 

1.2.2.3 oielectric Layers 

Oielectric layers are used as insula.tion between ../ayers of conductors where they are 

supposed to be electrically insul~ted from each other. They are printed the same way as 

the conductor layers and reqgirè the same cycles of drying and firing., To insure proper 

insulation between conductor5. and since testing the r~Rability of the dielectric layers is very 

djfficult at the time of production. two identicallayers are printed at the same I~ations. 

Oielectr;c materials which are supposed to insulate two conductor paths should overlap 

the bottom conductor at the crossover location ,with a certain alJowed tolerance 50 that the 

risles of the two layers touching each other are minimized. Aiso. dielectric layers shouldn't 

flave any cracks, chipouts, or pinholes that would cre,te any risk of connection between 

conductors that are supposed to be insulated. Finally. smearing or sputtering of the di­

electric material is allowed only when this does not affect the conductivity of parts of the 
" 

circuit such as solder or probe pads. Fi~ure 1.S li~es seve~al examples ~f faults tha~ can 

accur on dielectric layers. 

. 6 
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1.2 Description of Hybrid Circuits 

.. 
Figure 1.5 Typical dielectric defects 

1.2.2.4 Resistors 

O'ne of the big advantages of hybrid circuits over printed circuit boards, is that .resis­

tances (sometimes called resistlvities) can be created by printing them on the substrate 

in5tead of soldering them on as discrete components. These resistances are printed with 

the same methods as the previous layers. using resistive materials The resistors generally: 

are rectangularly shaped areas touching two or more conductors. forming the desired resis-
, . , 

tance between them. Voids. cracks. blisters. peeling and other imperfections of the resistive 
, 

malerial can alter ils resistive characteristics and should be al/owed only up to certain lim-

fts. Aiso. the overlap area of the res.i5~ors with the~onductors they are supposed to be 

electrically connected to should not be less than certain limits. and the distance between 

the res~stors and other parts of the circuit should exceed certain limits. 

aeaistor Trimming. Obviously it i5 impossible ta accurately obtain the desired ~esist,?r 

values at the time~ of printing. The printed material, can e~pand slightly causing a greater 

ara aod therefore lower resistance, The layer might be too thin or too thick. affecting the 

resistivity of the material. The overlap between the resistor and conductors can be smaller 

than opected. c~usjng higher resistance., Since resistance tolerance in sorne electrical 

circuits (an be ,very small. a fllethod shouJd be used to 'tupe' the resistance to its desired 

value. This i5 accomplished by trimming. 

Trimming the resistor means making one or seyeral cuts in the resistor 50 that its 
ana is eft'ectively diminished. thereby increasing its resistance. The trimminc is done ~tjl 

1 

1 
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1.2 Description of Hybrid Circuits 

~ ~ 
Co hipou-t --:..-.~ 

,.-SM .. ,r,n~ 

Figure 1.6 Typical resistor defects, 

the desired resistance is achieved. Two methods of trimming are currently u,sed. One ~f 

them is called ai ... trimming or abrasive trimming. Air trimming consists of blowing sand 

. or simllar hard materials onto the resistQr. causing the ero~ion of part of the resistor. The 

other method. laser trimming. consists of cutting lines into the resistor with a laser beam. 

This method is certainly cfeaner. easier to use with the proper equipment. and is more 

accurate. 

lt"is expected that trimming itself may cause Sorne problems during the manufacturing 

of hybrid circ~its. Basically three kinds of faults might appear oncj the trimming is done. 

One of them is dirt (resisti~e or conductive) stuck in a trim. sometimes referred to as , , 
• detritus in the kerf·. This will obviously change the value of the resi_stor. The other , 
problem is misaligned c,uts which may partially impinge on the conduc::tors. The third kind 

of problem are very narrow strips of resistive materialleft on eitber end or between trims. In 

this ~ast case. although the_ resistor .seems to have the proper value during the production, 

relatively high currents might burn the narrow strips. t~erefore causing the value of tM 
resistor to change. Figure 1.6 shows an example of resistor wlth vari~us faults indicated 

on it. 
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1.3 Visuallnspectioft of Hybrid Circuits 

1.2.2.$ Overglaze Layers 

The last layer that gets printed on a hybrid circuit before the soldering of discrete 

l, • components is the overglaze layer. This one is a transparent. coloured. non-conductive 

layer which serves to protect the circuit from any physical damage in its future use. Of 
\ ' 

course. sinee the discrete components are still to be mounted on the circuits and electricat 

tests are still to be performed. solder pads and probe pads must be left uncovered. Apart 

trom this important criterion. oecasional imperfections'that might occur on the o~erglaze 

layer are not fatal to the operation of the circuit sinee they do Qot have any electrical effects 

and there'fore they are acceptable. 

1.2.2.6 Lead Frame Attachments and Discrete Componentl 

Once the layers are printed on the substrate with the thick film technology. the, discrete 

components and lead frame attachments can be soldered onto it. A mask similar to the 

ones used for the printing of the two-dimensionâl patterns of the circuit is created for the 

solder pads. and a solder paste is printed on the circuit at the appropriate pads. Discrete 

components such as capacitors. integrated circuits. other semi-conductors. relays. coils 

and the like are placed on top of the solder paste. and_ the circuit is once again fired: 

This process hardens the conductive solder paste which fixes the components in their final 

locations. Soldering of the discrete components is also a source of several faults in the 

final product. such as misplaced. misaligned. and missing components: solder joint quality 

may also be inspected ([MerriIlB4)). However. the faults related to thes~ thr~dimensional 
, 

discrete components placed <?n- the hybrid circuits are oqtside the scope of the research 

reported here and are being considered by other researchers~n our laboratory. 

1.3 Visuallnspection of Hybrid Circuits 

1.3.1 Comparilon of Electrical and VI.ualln.pectionl 
! 

Thero are two prattical ways to test any kind of electronic circuit. One of them i5 ' i 
electrical. the other is visual. Tactile testi~g cou Id also be used for testing the existence of 

thr. dimensional components on the circuit. but the amount of information this kind of 

test would be able to give would be too little to make the technique useful. 

Electrical tests are very reliable for the inspection of the printed layers of 'a hybrid 

circuit: relevant inputs and expected outputs can .be easily determined. These t\!Sts will 

9 
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\.1.3 Vlsual Inspection of Hybrid Circuits 

most certainly detect any defects wfÙch wilÎ interfere with the proper operation of the circuit 

, under consideration. such as open or clo~ed circuits. They are easily computerized and can 

be applied in very' short periods ~f time. T~e tests are used in the production of hybrid 

circlJits 'at various stages and are valuable in detecting most of the defective circuits. 

, Despite its advaRtages. eleetrical testing has two major shortcomings. One of them 

is that-an electrical test does not give enough information to determine the cause of the 

problem. For example. consider a test of the resistance between two points in a circuit and. 
, , 

suppose the result of the t~st was infinite resistance. Le. an open circuit. contrary to what 

was to be expected. This certainly gives an indication of a fault in the circuit. but does 
"- . 

not give any information about the cause of the problem. In this particular case. the cause 

might be an open on a conductor line. in which case the location is still to be determined. 

a missing or mi~placèd component on the path. a missing probe pad. or a pad accidentally 
;" 

covered with dielectric material. such.as the overglaze layer. 

The other major drawback of the electrical test is that it cannot deteet weaknesses of 

the circuit which after a certain period of operation might become fatal faults. To quote the 

above example again. if a conductor is too narrow' at one point. or if a dielectric between 

two conductors has a crack which in the future might conduct. or if a resistor is not properly 

aligned with the conductors it is supposed to touch and the contact point is tc;>o narrow 

for the currents that will go through them. 'an electricaJ test will not be able to detect any 

of these. 
\ 

Visual inspection overcomes ail the drawbacks pf electrical inspection. With visual 

inspection. faults can be located and spec~fied. Even the reasons for an occurring fault can 

be deduced by visually inspeeting a hybrid circuit. Moreover. imperfections which do not 

- cause a malfunction of the 'circuit at the time of production but which can become fatal to , , , 

its operation after a certain time of operation can also be detected by vis~al inspection. T 0 
l 

understand this more clearly. let us examine Table 1 w'hich summarizes the possible faults 

. that may occur on the substrate and thè printed layers of a hybrid circuit. 

As it can be seen in Table 1. most of the defects do not affect the,immediate operation 

of the circuit. They are consider~d as defeets only~because they constitute a haz~rd for the 

future.. Also. the faults that do affect the performance of the circuit can only' be detected. 

but not described. by electrical tests. A visual inspection can describe theïr location. their 

5iz~ or extent. and probably the reason for theïr occurrence. Besides. a visual inspection can 

b~ performed at every stage_of _the production. including before and after drying and firin,. 

thereby providing much more detailed information about defects. whereas the majority of 
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1.4' Rationale for Automated lalpection 

. 
Substrate 1 cracks ! 

1 chipol/ts . 
1 burrs 

COllductor reduced widths 

( , 
reduced ar.eas -

. voids and porosities 
reduced distances between conductors 
spreading. splattering. extensions 

Dielectric reduced areas 
cracks. chipouts. pinholes 
smearing. sputtering 

1 

Resistor voids cracks. blisterings. peelings 
reduced overlap area with conductors 
reduced distance to other parts of circuit . 
dirt in trim 
misplaced trim , 

narrow strips of resistive material'eft by trims 

'Overglaze covered pads 

Table 1. Faults that can ace ur during the production of the bare board 
. . 

the electrical tests can be performed only after a certain number of layers have been printed. 
, . 

1.3.2 Human Visuallnspection 

,. 
Visual inspection is indeed the method used today by hybrid circuit manufacturers. 

At every stage of the production. an the boards orJ usualty .tast ci percentale of them are 

visually examined under a microscope by inspectors and the errors are recorded. Frequent 

occurrences of a certain defect prompts the inspectors ta flag the manufacturing process . 

. Random occurrences of defects result in the repair of the bo~rds or to ~ theirO rejection. 

according to how.Pluch time and effort wo~ld be invotved in repairing the circuit. 

Figure 1. 7 iIIustrates the aS5embly process for hybrid circuits. The two dimensional 

visual inspections need~ du ring this process are indicàted in the diagram. 

1.4 Rationale for Automated Inspectiqn 

The visual inspection of hybrid circuits is a very repetitive pr~s. It involves inspecting 

thousands of boards up to tens of limes for defeets whose. dimensions are in the order of 

- fractions of millimeters. microscopie În the case of the laser trim. ~ny of t~ese defects 

~n be missed by electrical tests but can be fatal to the operation of the board, which is 

inadmissible for industrial standards. Because of the repetitive and borin, nature of hybrid . " 

. ( 
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1.4 Rationale for Automated Inspection 

-. 
""EPARE PR'NT MAIH , PRINT PIlINT TOP PRINT 

SUBSTRATE CONDueTOR DI!UCTAIC CONQUe TeR ' ResISTORS 
0 

~ 

V.I. V.I. tv.1. V:ol.l 

PAJNT '-ljM LASER L!AO PRAII! AND 
l' OVERGLAZI! TRI" 'i" ' CaMPON!"TS 

. 
f V.I. 

e 

V.I. r - Iv·J.I 

V.I. 1 Vta ... al InapecUon 

figure 1.7 Assembly process for hybrid circuits with the location of required two­
dlmensional visual inspections. 

circuit visual inspection. human inspectors can easily' overlook sorne of these defects. This ..,. 
;5 agravated by the fact that currently used hybrid circuit, production technologies have 

an error'rate of 20% to 30%. Also. the inspection might have to be done in unfavourable () 

environments. 

ln an automated inspection system. once the inspection methods are perfected. there is 

no danger of overlooking defects. An automate~ system can examine every point of every 

single circuit with same ·concentration'. An automated visuaJ inspection system can " 

1. find defects 

2. report théir uact location 

3. report their dimensions 

4. rePort their nature 

5. compute _Dt;,tics on defects 
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1 5 Contribution of This Tttes;~ to the Hybrid Circuit Inspection Problem 

6. pass ail of this information to an aut~mated repair station o,r notiff a human operator 

in case of ambiguities. 

\ 

Another advantage of automated inspection is th~t it can be performed as part of the 

pr04uction process. thereby r:natching the high speed of the production pracess. Boards do 

not have ta be transported to sorne inspection site every time they need to be inspected. 

The production and inspection systems can be intearated into one large system. 

The idea of an automated inspection system is closely related ta the idea of automatic 

repair. Contemporary robotics researcb provides us with means for handling and repairing 

etectronic circuits using robot arms. without the interventjon of human opera tors. The 

data generated by an automatic inspection system can be directly communicated to a ' 

repair station where circuits can be fixed if such an operation is feasible and economical. 
, , 

Such a repair system is currently being designed by other reséarchers in our laboratory 

([Levine84). [Mansouri84)). 

1.5 Contribution of This Thesis to the Hybrid Circuit Inspection· 
Problem 

The research conducted in this thesis consists of designing an automated visual inspec­

tion system for the two-dimensional hybrid circuit inspection problem. 8y two-d~mensional 

inspec~ion we mean the inspection of the stages of the circ~;t in which a three-dimensjonal 

image of the board is not required. These stages include the bare ceramic substrate as 

weil as the printed layers. i.e .. eonduetor. cÎielectric. resistanee and overglaze lay~~~:_ ~~ch 
a design can be divided into three distj~ct.tasks: - '''' -

1. Finding proper algorithms to deteet defects. 

2. Building a rule-based production sy,stem which will maftage the general operation of 

the system as weil as the fault ana/ysis task.' " 

\ 3. Oesigning the h~rdware for such a system . .. 
Q By proper a'gorithms we mean efficient aJgorithms which are particularly designed 'to 

cIetect the kind" of faults that can accur during the manufacturi~g process. These algorithms 

should also be general en~gh fo be applicable to'other similar inspection problems. e.g. 

printed drcuit boards or new additions to hybrid circuits. 'I~he managing-analysing produc': 

~ system should al50 be suitable for the particular task but flexible enough to accept new 

13 
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~ 

rules or type of circuits. Finally. the hardware includes the proper computer equipment on 

which 5uch an inspection system would run as weil as robot arms. microscopes. conveyor~ 

belts and the"'fike which would be used to manipula te and view the circui •. 

, l'he first two tasks are designed. implemented and discussed in this thesis. The rule-

_. based production system and the fa~lt' detection algorit~ms successfully find defects or 

suspecte<! defects on any layer of the hybrid circuits. report their location. size. and the 

inspection rules they b~eak: The production system is designed suth that its modification 

or additions to it are very simple to perform. Therefore. if the threshold value of a certain 

rule must be changed according. to production needs. if a new layer must be added. or 

if a different type of electronic circuit must be inspected. ail one would have to dOl is to 

alter sorne of the prod tions or add new ones. This allows great fleJ(ibility in adapting 

this visual inspection sys eni to various needs. A number of methods have been proposed 

and implemented for the ybrid circuit visual inspection problem. and a few papers have 

lM!en published about them (Arlan79). [Arlan80). (Chien75J. [Nakashima841. [lee78). [Zim­

merman82)). These papers ~deal with methods for automatically detecting hybrid circuit 

defects from two-dimensiona images. or with hardware setups for the inspection problem. \ 

Howèver. none of, them menti n a full inspection system which combines proper algorithms 

to etetect faults as weil as an ~rganizing production system which analy~s th~e faults and 

,enerates information about/the appropriate actions to take. To our knowledge: the work 

described i~ thi~ thesis ~is tt first researc~ of su<h dim,ensions. 

1.6 Review of Ch piers • 
, ~ 

nizati6n of this thesis is as follows: Chapter 2 revief.ts ,past research 

on the same subj or similar fields. Automated visual inspection in genes:al. as ~ell as 

the particular case f p'rinted circuit boards and hybrid circuits are examined. Chapter 

3 is a general introd ction to rule-based systems. The concept of a rulé-based system 

is studied. and its ap lication to the general management of an inspection system and 

to the· decision-making\àspects ~f faulç detection are discussed.' C~aPter 4 is the actual 

detailed description of ~he inspection system designed În this thesis. Finally. Ch~pter 5 

aives application examples plus a general discussion of the hardware needed to implement 

such a system in an industrial environ ment. 

14 
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Chapter 2 'Historie.al Background 

\ . 

2.1 Automated Visual Inspection 

/ ln Chapter 1. we mentioned several reasons for using visual inspe&tion during the 

production of electronic circuits. We also discussed the advantae;es of automàting this t!l> 

kind of inspection. In this chapter. we will review the met\iods that have previously been 

design~~d for this purpose. cla~sify them. and discuss _ their effediveness and drawbacks. 

This will not be an exhaustive listing of ail the methods used in automated visu al inspection. " 

but rather a sample of them for the classification and evaluation of various' approaches. 

l' 

2.1.1 Applicatio';s ()f Automated Visl.Iallnspection to Eleclronic Circuits 

Hybrid circuit in~ection is one of the newest fields of automated inspection of efectronic , 
components. During th~ last decade. numerOus applications of visual inspection have been ' , 

attempted in industry. Several articles h~ve been published about these methods and their 

applications ((Chin82J), InsJ:leCtion systems have been used in the following areas related 

't~ electronic circuits ((levine81 J) . ~ 

• printed drê~it boa~ds 

., ·printed'circuit drilling 

_.' wire bonding 

• photomasks '. 

" 

., 
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Q 2.1 Automated Visu al It,spection 

• integrated circuits' 

• hybrid circuits . 

lf \ ~ 

Other experimental systems have been designed in ~elated electronic productiqn ar-

eas. such as light bulb filaments, ,connectors. reJays. etc. A comprehensjvE! listing 'of the 

lit~atureo that has been ,Publishecf in these areas can be found' in [Chin82). 

',2.1.2 Classification of Approaches . 
AII,the methods designed for the inspection of elec~rônic ci rcuit,s 'can be classified into. 

two geoeralized categories. These are template matchÎng and design fuIe checking: Before 

~entioning some of the research ddne in electronic cir~it visual inspection. it is a g60d . 

idea to des,cribe the t~o ~ethods briefly. illustrating them with examples. , ~~---\ . 

2.1 .• 7.1 Template ~Matching 

ifemplate matching is the·most obvious and(~traightforward method for visually inspect­

in~ ~ny kind of manufactured product. It consis~9 of having an 'ideal' model for the product 

in qJestion. and comparing the product' to this ideal mode!. or template. The simplest form 
\ , 

of tti~s method consists of a pixel-~y-pixel c0r:"parison of the image to the template, and, 

is known as image subtraction. Image subtréJ<:tion involves a simple exclusive-or operation 

between to images. ,The resulting image is a defeet map of the product. Figure 2.1 iIIus­

trates this method. Two examples of this kind of inspection can be seen in [Sandland77] , 

and [Skinner 77). 
f;,. 

-It is quite apparent 'that without sorne means of approximation and adaptation. direct 

image,substraction is very s~nsitive to edge misalig~ment errors. misregistration. ~nd other 

mechanical, and human errors. Besides, there can be cases where a perieet match of the 

circuit and the ideal model is not absofutely necessary for the proper opération of the circuit. 
~ , 

, lSlight shrinking or swelling of cir~uits are two such cases ([Chin82)). In order to overcome 

these difficulties. variations of the image subtraction methods have been use~. The general 
, 1 

idea in these cases is to examine local features on a circuit instead of p,erforrning a global' 

inspection of the whole circuit. Such mèthods are known as feature matching or pattern 

matching. 

Typically. standard features are extracted from the ideal model anel from the circuit to . 
be inspected. Then these features. or patterns. are compared. instead of comparing the 

,,' 
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Figure 2.1 The Image substractlon method 

o 

" 1 

whole CircUit wlth the whore model. This strategy compresses the Image data forstorage 

and reduces the sensltlvlty of the Input data. The selectIOn of adequate features 15 Itself a 

difficult problem. sJOce an electronJc CIrCUIt can contam a great vanety of 'patterns' and a 

'standard' set of shapes IS not well-defrned for a glven type of CIrCUIt The followmg articles 

are examples of Implementation of the feature matching approach. [Jarvls80J. {Krakaner78J. 

[Takaki78] . 

The pattern matchrng approach in ItS simplest form does not entirely solve the approx­

Imation problem mentlOned above in the Image subtractlon case More complex pattern 

matchmg metht>ds~ have been deslgned to overcome this difficulty. These fall mto two 

categories: approximatIOn and syntactlc methods ln the apprOXimation methods. the fea­

tures that are extracted are not compared on a point-by-poJnt basis Instead. the patterns 

and the cirCUit are approxlmated. ThiS not only saves computation time and storage. but 

also minimizes fal$e alarms due to lack of an exact match Such approximations Jnclude 

polyg,?nal approxirpations. deScription by properties such as angles of corners or spatial 

relations of the corners to each other. low resolution approximations. Fourier transforms. 

etc. ((Pavlidis78]). The syntactlc methods take a different approach. They describe a 

large set of ~omplex objects usÎng small sets of pattern primitives and structural rules 

A structural description of these primitives can than be determined. forming a 'grammar' 
\ 

lA \ set of primitives can then be formed to descrlbe common defects. and these primitives. 
, ' 1\ \" 

can be searched for on the circuit un~er exarnJnation. [Pavlidis76] and [Bjorklund77] give 

examples for the application of this ap~roach to the PCB inspection problem. 

17 
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2 1 Automated Visual Inspection 

2.1.2.2 Design Rule Checking 

A very different approach to automated visual inspection is inspection by design rule 

checking. This approach does not rely on ideal models: instead. it checks whether the CIrcuit 

under inspection conforms to the original design rules. This is basically the method a human 

inspector uses to detect defects There are two obvious advantages to thls approach' no 

storage is necessary for a model. and the criteria for the defects are much more flexible than 

in template matching. However. this method also has disadvantages when compared to 

template matching. Flrst. there can be cases where design rules are satlsfied even though 

the patterns are Incorrect: thls would result in posslbly fatal errors passing the tests Aiso. 

designing algonthms to find those parts which are in confhct wlth the design rules can 

be qUite a tedious task. H umans perceive distinct parts and characteristics on a CIrCUIt 

very easily. For example. conductor lines. probe pads. or distances between th~m are quite 

apparent for an inspector T elling a computer to check the distance between two conductor 

lines on the other hand. requires teaching the computer the concept of conductor lines. 

areas between them. and the wldth of these areas. Finally. because of the complexlty of 

the problem. such algorithms can be qUite expenslve computatlonally. 

Examples of such methods deslgned for electronlC circuit inspection are dimensional 

verification and spatial fiftering. Dlmenslonal verification algonthms are based on the as­

sumptlon that the width of any pattern on the Circuit must be Wlt~~!1 certain limlts. any 

parts of the CirCUit which exceed these limlts have suspected defects on them. Figure 2.2 

illustrates this Idea. 

Il 

Figure 2.2 Dimensional verification Measurement A is ac~epted. Band C are 
rejected 

[Thissen77]. [Nakashima79). [Bentley80). [Sterling79]. [Restricki7] describe various 

implementations of the dimensional verification approach. Filtering of a circuit image to 
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2 2 Visu al Inspection of Pnnted CIrcuIt Boards 

find defects ,"volves findmg h'gh frequency spatial variations. 1 e. small areas <?n the Circuit. 

ln thls case. It 15 assumed that defects are elther prmted reglons or 'mlssmg' reglons on the 

Circuit wnose area IS smaller than of any normal part of the circuit. One 'way of detectlng 

these small areas on an Image IS by filtenng ItS Founer Transform ([Watkins691. [Alm177J. 

IAxelrod72J). Another IOterestlOg method IS the expansion-contraction method proposed by 

Ejirl et al ([ Ejm73J) ln thls methad the Input pattern is expanded and then contracted by 

the same amount, w~ch has the effect of fillmg defects descnbed as 'holes' A comparlson 

of the resulting Image wlth the original gives a map of these defects The inverse operation. 

contraction-expansIon. finds protruslons. The sum of these operatl'ons has the effect of 

flltenng hlgh frequency component5 of the Image. Figure 23 desCrlbes thls method . 

~ 
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Figure 2.3 The expanSIOn-contraction method 

2.2 Visual Inspection of Printed Circuit Boards 

The PCB inspection prablem 15 one on whlch extensIve research has been performed 

over the years Smce vlsually PCB5 are very slmllar to hybnd CIrCUItS. thelr automatlc 

inspection presents the same kind of problems as ln the case of hybnd CircUit in~pectlon. 

ln facto wlth sorne mlnor exceptions. a PCB could be considered the same as the conductor 

layer of a hybrid circuit. Therefore. the research that has been done for the peB inspection 

prob/em is relevant for the topic of this thesis. One main difference between the two 
• 

Inspection problems is the fact that much sm aller error'limlts are used for hybnd cirCUits. 

~ Thus. a more detailed analysis can be tolerated in their case. This section will give an 

overview of methods designed specifically to inspect PCBs. while the next section will 

focus on the hybrid circuit inspection methods. 

Image Subtraction. 'Direct image subtraction for PCB inspection has been described 

by several authors ([Fehrs72». Various methods of speeding up the comparison process 
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2 2 Visual Inspection of Printed CirCUit Boards 

have been reported. Peter son ([Peterson741) has designed a method where the PCB to be 

inspected and the ideal model of the circuit are scanned by two cameras in parallel and the 

inspection is performed with high speed. Olsen «0Isen76)) ptepared a transparent mask 

with a light bJocking pattern corresponding to the desired PCS. When he registered this 

mask over the PCB under inspection and shone an appropriate colour of light onto the 

setup. faults appeared as bright spots on a dark background. 

Feature Matching. Jarvis ([Jarvis80J) designed a metPod where each conductor-subs­

trate border pattern extracted from the PCB is matched again a set of predetermined 5x5 

pixel patterns. Areas which do not match any of the patterns are subject to furtner analysis 

to dete'rmine whether they are flaws. Such analysis inc/udes co~putation of conductor 

areas. the ratio of area to length. boundary length. and others. Only a few hundred 

5xS templates are sufficient to perform the inspection on a complete circuit. This method 

eliminates the need for precise alignment but requires a careful preparation of the templates. 

Chin et al. ([ChlnIS!) reported an inspectIon system whlch can be trained by a human 

operator. InteractIon IS used to extract .features. eliminate n01se. define a gréJph model 

of the circuit. encode models in compact data structures. etc Once the system 'Iearns' 

about the model. it directs the scanner which analyses the circuit ta examine the expected 

features. Since the system knows where to look for different expected features. it does 

not require the scanning and processing of the entire PCB Image. and is therefore more 

economical. 

Dimensional Verification. ThIS ,dea has been widely us~d in the i(lspection of PCBs. 

Altho,-,gh dimensional verification Will not detect every kind of error encountered ln PCBs. 

most faults could be considered as being either too narrow or too wlde. This does assume 

that the CIrcuit 15 designed according to strict dimensional constramts. [Oanielsson79) 

discusses several dimenslonal verification algonthms. 

Cheng ([Cheng78)) describes a system where PCBs are mounted on an X- y table and 

scanned by a laser beam. Pixels are counted during the 'Scan and conductors that are too 

narrow or too w_~de are detected. Thissen ((Thissen77]) creates a model for the circuits 

to be examined consisting of center lines for a" the conduc~or strips on the circuit. with 

threshold width values asso.ciated with every line .. Nakashima et al. ((Nakashima 79]) use 

a laser diffraction technique to measure the width of conductors. Restrick ([Restrick77J) 

uses linear sol id state arrays to measure the line widths of conductors. 

Spatial Filtering. As mentioned before. Ejiri et al designed a method where the input 

pattern is expan~ed and contracted by the same amount. giving a map of small fault areas , 
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2.3 Visuallnspection of Hybnd Circuits 

([Ejiri731). Essentially. this method filters tiigh frequency components of the circuit. and 

these are possible defects This method is one of the two main methods used in this thesis 

to detect faults on different layers of hybrid circuits. Digital or analogue Fourier Transforms 

are other methoqs used by various authors to filter out high frequency regions of peBs 

([Almi77J. [Axelrod72J). 

2.3 Visuallnspection of Hybrid Circuits 

Hybrid circuits are relatlVely new in the market. Although the production process is 

quite sophistlcated. there are no fully operational automated Inspection systems to inspect 

the circuits during or after the production. Apart {rom electrical tests which can only detect 

certain aspects of the circuits. ail visual Inspection is done by human inspectors. Only a 

few fully automated visual inspection methods have been reported in the literature. 

Lee ([Lee78J) reports an experimental inspection center designed at Honeywellinforma­

tion Systems. The center uses existing digitizing technologies coupled with a minicomputer. 

Computer controlled transport of the circuit allows full coverage of the circuit: an algorithm 

has 41150 been designed for the registration of the circuit with respect to the model images. 

The system inspects only the first two conductor and dielectric layers. After precise align­

ments and noise elimination. it does a direct comparison between the image of the circuit 

and the screen. The resulting difference map is analysed by algorithms not described by 

the author. The system takes six minutes per layer to run. is quite accurate. but lacks the 

flexibility of an 'intelligent' repair station where interaction. rule modification or addition 

are possible. 

Arlan et al. have developed a system where the image subtraction is performed in a 

video processor by comparing video frames wlth the stored model on video disk ([Arlan79J. 

(Arlan80)). The authors daim that their system can detect 0.5 - 2 mils wide open and 

short circuits due to the high reso{ution of Vidicon ~ameras. Again the system relies on 

direct comparison of circuit layérs to the screens. and no details are given about how the 

defect map is processed once it is obtained. 

Zimmerman et al. ([Zimmerman82J) report an automated visua/ inspection system 

called AVIS. AVIS performs a one-dimensional electro-optical scanning using a translation 

table. The edges of the circuit are detected with a hardware oriented edge detector. and th. edles are compared to the edles of a pre-stored ideaJ model. The match criterion is 

the number of unmatched pixels per line segment in t'he edge map. The system doos not 

output any kind of information about defects. 
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2" Conclusion 

Chien and Snyder ([Chien75» built a system of programs t!l process images of hybrid 

circuits. To achieve this they used a procedural model of the circuit. Nakashima et al. 
\ 

((Nalcashima84J) designed methods for the recogni~ion of parts in hyb~d mic~ocircuits. One 

of their methods recognises thick film conductor patterns using matrix filtering. Another 

method uses peak sharpening of the matching degree curve in template matching. thereby 

inc~easing the signal to noise ratio. 

2.4 Conclusion 

A visual inspection system for the hybrid circuit manufacturing process should perform 

the following tasks: Inspect the circuits. report the presence. location and description of 

defects. keep statistics and communicate with a repaîr station. The examination of various 

visual inspection methods and systems encountered in the literature shows c1early that 

although severa' valuable tools have been proposed an~ used. a system accomplishing ail 

the tasks listed above has not yet been designed. The system described in this thesis is 

an attempt to combine various fault detection methods described in the literature with an 

rule.based expert system which has the ability of taking 'intelligent' decisions about the 

information given by these methods. 
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Chapter 3 The Approach! Rule-Based S'ystems 

---- -------------
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3.1 Introduction 

There are basically two approaches to the automated visual inspection probJem as 

reporteq in the literature: one of them is template matching. the other is design fuIe 

checking. These two approaches were mentioned in the review of the historical background 

on visual inspection. As will be seen in Chapter 4. the system described in this thesis 

takes advant~ge of both approaches and uses a rule-based system to combine and analyze 

the data coming from either. In th;s chapter. we intend to give a formai description of 
, 

r.ule-based systems. 

3.2 Rule-Based Systems 

Rule-based systems are a subset of a general class of systems called knôwledge-based 

systems. The term know/edge-based is so'mehow:vague since every eXÎsting system. in-

. cluding procedural systems. must be bjsed on sorne sort of knowledge. The dividing Ii~e ' 

~tween the two ,kinds of systems is that in a knowledge-based system. the knowledge is 

"1,1> weil defined and easily 'identifiable within the basic structure of the system. Rule-based 

'systems are a subset of knowledge-based systems where this identification is very cfur: . - . 
the knowledge and the control mechanism are distinct. The ru/es of a rule-based system 

contain the knowledge and form the world modal. Production,Systems. first introduced by 

Post ((Post43J). form a tool that ha~, been used for the imp'em~ntation of rule-based sys­

teml. The nut sections conta in a description of product~n systems and lome examples 

of rule-based systems encountered in the literature. 

- ~--' ,----~----
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3.2 Rule-Based Systems 

3.2.1 Production Systems 

' .. 
ln its simplest form a production .system is formed by three compon~nts (Figure 3,1): 

1. a data structure, or working memory, forming the world model 

2. a set of rules . (or produc~ions) 

3. a rule intefpreter. 

L 

Figure 3,1 A production system 

The worl4model is basically a finite collection of symbols. New symbols get added to 

this. collection ..vith the risk of losing o!d on es. The rules are condition-action pairs. The 

'Ieft hand side' of the rule is the representation of a certain state of the world. If this state 

matches the current state of the world model. the rule ·fîres'. In other words. the 'rlght 

h\nd side' or the action associated with the rule gets executed. This possibly modifies 

the state of the world. In such a simple form of a production system, the role of the rule 

interpreter is trivial. It compares th~ c.ondition component of rules with the world model 

and executes the appropriate actions. More complicated rule interpretation schemes have 

bftn designed. These will be described in the next section. 

The characteristia of production systems which make them suitable for artifidal intel­

ligence programs are the following: 
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3.2 Rule-Based Systems 

t. The database is the only method of communication between rules. This communi­

cation is also unique in the sense that ail the rules have access to ail the parts of the 
, 

database ([Davis771) 

2. The l'ules are independent entities. They can be modified. deleted. or new rules can . 

be added, without seriously affecting the performa'nce of the system ([Winograd75)). 

3. RuJ~s represent primItive actions at the conceptual level. The action executed by the 

rule might be a complex process. but it is considered to represent a simple unit of 

behaviour within the context of the system. 

4. Productions systems offe~ a unified approach to control and data. Rules h,ave a weil· 

defined format readable by the system. and the system can modify rules. add new 

rules or ~Iet~ !hel'l! lhrgt.m.h the actions of existing rules. 

Production systems can be used in every application' that procedural systems could be 

used in: they are both Turing equivalent. The choice depends on the particular application. 

and is a matter of programming ease and efficiency. It should be noted thàt the production 

system philosophy is closer to the way humans reason. The database can be compared 

to the shortlerm memory of hum ans. The long-term mernory would then be analogous to 

the set of rules. and the 'intellect' would be the rule interpreter . . 
3.2.2 Control in a Rule-Based System . 

The control cycle in a basic production system is simple: fjpd a rule whose conditions 

match the data. and then execute the action associated with that rule. In complex systems. 

the rule selection become an important problem since at various stages more than one ru/e's 

conditions can match the data. Therefore. some method of selecting one out of a set of 

rules which could be fired must be designed. This problem is known as conf/ict resolution. 

and the set of candidate rules are known as the conflict set. The decision problem therefore 

becomes: 

1. (Match) Evaluate the left hand sides of the productions ta determine which are 5at­

isfied liven the current state of the world. 

2. (Conflict Resolution) Select one production with a satisfied left hand side. If nO 

productions have satisfied left hand sides. return control to the user. 
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3.2 Rule-Based Systems 

3. (Act)Perform the actions specified in the right hand side of the sele<;ted production. 
f , 

4. If the action was to hait the system. return control to the user: otherwise go to step 

, 1. 

There are many different methods of selecting rules ([Davis 77]). / These include the 

following: 

1. Implicit order: Rules are tested in the same order they are stored. When a match 

occurs. the process executes the related action. and either restarts at the top of the 

list. or continues from the last rule that it had selected. 

2. Rule order: Ali rules are given prespecified priorities. and the matching rule with the 

highest priority tires. This enables fast rule match'ing. but adding new rules to the 

system becomes difficult. 

3. Data order: ~~e rule that matches the most important data Item is selected. This 

means of course. that the data elements must be ordered and the matching process 

becomes slower 

. 
4. Generality order: T.he most specifie rule gets selected. This is also fast but requires 

extra work when adding new rules. 

5. Temporal order: The ru le that has most recently fired gets selected. This is a fast 

method as weil. but it risks being biased towards a few of the rules at the expense 

of using other sources of knowledge. 

More complicated confliet resolution methods have been us~d in the literature ({Feigen­

baum71]. [Davis76). [Davi,SO). [Zucker78]). OPS5. the production system used in this the­

sis, modifies the basic conhol cycle mentioned above in the following manner ([Forgy81J): 

t. [Conflict Resolution] Select one production with a satisfied left hand side. If no 

productions have satisfied left hand sides. return control to th'e user. 

2. [Act) Perform the actions specified in the right hand side of the seleeted production.~ 

3. [Match) Evaluate the leh hand si des" of the pro~uct;.ons to determine ~hieh are sat­

isfied ,iven the current state of the world. , , 
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4. If the action was to hait the system. return control to the user: otherwise go to step 

1. " 
/1 

This cycle is more convenient than the classical one because when the cycle ends. the 

conflict set is consistent with the current contents of the working memory. Using this 

cycle. the OPS5 system applies a conflict resolution strategy called LEX ([Forgy81)). LEX 

contains four rules which are applied in order: 
) 

1. Discard from the conflict set the instantiations that have already fired. An instanti­

'at1on IS an ordered pau of a production name and a list of working memory elements 

satisfying the production' s left hand side. If there are no instantiations that have not 

fired. conflict resolution fails and no instantiation is selected. 

2. Order the instantiations on the basis of the !ecency of the working mernory elements. 

usi"g the following algorithm to compare pairs of instantiations: First compare the 

most recent elements from the two Instantiations. If one element is more réCent than 

the other. the mstantlation containmg that element dominates. If the two elements 

are equally recent. compare the second most recent elements from the instanti~ons. 

Continue in this manner either until one element of one instantiation is fourili to 

be more recent than the corresponding element in the other instantiation.or until 

no elements remain for the mstantiation. If one il}stantiation ·is exhausted before 

the other. the instantiation not exhausted dominat~s: if the two instantiations are 

exhausted at the same time. neither dominates. 

3. If no one instantiation dominates ail the others under the previous rule. compare 

the dominant instantiations on the basis of the specificity of the left hand sides of 

t~e productions. Count the number of tests that have ta be made in finding an . 
instantiation for the left hand side., The left hand si des that require more tests 

dominate. 

4. If no single instantiation dominates after the previous rule. make an arbitrary selec-

tion of the dominant instantiation. \ 
.. 

The LEX strategy has several acfvantages: Il prevents instantiations from executing 

more ,titan on~e. it forces the production, system to attend to the most recent data in 

working memoty. and it gives preference to productions with more specific left hand sides 

({McDermott78)). 
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3.2 Rule-Based Systems 

3.2.3 Some Rufe-Based Systems in Literature 

1 

Davis and King classify rule-based systems.into two basic categories (~vi$77)}. The 

first one is the psychological modelling of human b~haviour. The second dass is a type ôf 

rule-based system ~ch can be described as a performance-oriented expert system, The . ' 

former was motivated by the similarity of human cognitive processès to the structure of 

production systems. The data base of finite length.is analogous to human short term mem­

ory. Such systems are attempts to formulate a set of productioh rules which will reproduce 

equivalent human behaviours. On the other hand. the performance-oriented expert systems 

. contain the knowledge about one particular task and try to achieve competent behaviour 

'in accomplishing the task. Large application oriented artificial intelligence systems belor\g 

to the fatter category. . 
Several systems attempt the psychologicat modelling of human behaviouf. The PSG 

system was used to explain memory scanning tasks ([NeweIl13]). PAS Il studied learning 

and adaptive behaviour ([Waterman 741). and VIS simulated the descriptive ability of visual ,. 
images ([Moran 73)). 

Typic~1 examples of knowJedge-based expert systems are: MYCIN medical consul­

tation program ([Shortliffe76]). DENDRAl. a system which inferred chemical structures 

f~ organic mo/ecu les -((Feigenbaum71)). TEIRÈSIAS. which used faulty MYCIN consul-. 

tations ta track down and correct the ru/es that caused the errors ([Davis16)}. META­

DEN ORAl. which inferred rules of mass-spectrometry for possible later use by DENDRAL 

([Buchanan76]). [Feigenbaum77) gives a review of selected expert "systems: [Rychener81] 

includes a bibliography on such systems. ,[Hayes-Roth83]. [Buchanan84) and [Weiss84} are 

three recent books published on' the subject. 
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Chapter 4 

•. 1 Introduction 

r 

Description 'ôt" the System 

) 

This thesis deals with the design and implementation of a visual inspection system 

.. for tiare hybrld boards. Only the s9ftware for such a system has been implemented. This 

chapter will provide a detailed d~scription of the system. putting particular emphasis on the 

rule-based system which govems the entire inspection process. and~on the fault-detection 

modules. An overviey! of the hardware requirements for an industrial application of the 

system can be found in the next chapter. 

<?ur inspection system cônsists of a rule-based production system ,whlch has two dis­

tinct tasks~ general management and fault analysis. Programs which are implementatlons 

of fault detecting algorithms run as sub-modules to the rulè-lbased system, ln the next sec­

tion. first the fault detection algorithms will be described in detail. and then the rule-based 

system itself will be examined. 

4.2 Description of the System 

<?ne of the advantages of using a rule-based system for the inspection of circuits is that 

the fault detection methods can be relatively simple. straigîl'tforward mechanisms. since 

the analysis rules will spbsequ,ently examine every fault candidate and will give detailed 

information ,about them. In 'this thesis. two basic methods are used to d~tect defects 

on hybrid ~ircuits: One is, direct comparison or matching of the circuit under ;nspection 

against the ideal model of the circuit. and the other is the expansion-contraction met~ 

first introduced by EjirÎ et al. ([Ejiri73)). As it will be seen in the following sections. ife 
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Figure 4.1 Block diagram of the system 
l 

first one of these methods Îs more suitable for finding large defects. while the second is 

superior 'for smaller or high frequency defects. The prog~am mod~les implementmg these -' . - . 
two methods will be referred to as MATCHER and EXPCONTR throughout this chapter, 

A thi,rd module. PARTITION. is used ta dissect the circuit under analysis into relatively 

simple polygons and classify these polygons. The- data obtained from this module iso used 

by the rule-based system' to perform a more inte1Jigent analysis of the defect candidates. 

) The module LABEL takes the picture outputs of MATCHER and EXPCONTR and retu'nls 

numerical values which are used by the rule-based syster:!' for the analysis,of the faults. 

Figure 4.1 is a block diagram which shows the communication between the above mentioned 

modules. The next section?~will ~escribe ail th~ modules in detail. 
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4 2 Description of the System 

4.2.1 Faurt Detecting Modules 

4.2.1.1 The MATCHER module 

As mentloned ln Chapter l, the screens that are used for the thlck film pnntlng proceS5 

can be vlewed as ideal models for the CIrcUIts under Inspection They eon5tltute an Image of 

what tne CIrcUIt 'should' look hke Very often, the CIrCUIt ends up not qUlte looklng exactly 

like the screen that was used to prlnt It Smearmg, spt1ttermg, cracking and shrmkmg are 

sorne of the reasons such a dlscrepancy can occur Every one of these mlsmatches are 

potentlal defects, and should be examtned 

TlIe MATCHER, module's purpose is to do a direct comparlson between the CIrCUIt 

under inspectIOn and the Image of the screen, ThIs task IS not as stralghtforward as It 

appears because of scale changes and mlsreglstratlon that can occur durtng the digltlzatlon 

of the,clrcult and the screen: Because of such changes, the Image and the model must be 
" 

rotated and rescaled wlth respect to each other ln order to achleve a perfeet match If thls 

15 not dolle properly. the matchlng process can be expected to glve errors even at locations 

where t~ere actually 15 a perfect match 

Such a rotatlonjrescallng operation would be a complex ta5k to perform If the Images 

dld not offer sorne sort of reference potnt Fortunately. manufacturers of hybnd circUits use 

markers for the printing of every layer to insure proper . alJgnment of the layers wlth respect 

to each other. The markers are specIal shapes whlch are electronlcally non-functlonal 

They are prlnted with the rest of the layer at two distinct pOI.nts of the CIrCUit. Figure 4 2 

shows examples of CirCUits and masks whlch contaln such markers These markers are 

perlect reference points for tbe ahgnment and rotation of the images that the MAT<ZHER 

program handles. 

The MATCHER program works JO two distinct modes' the teachmg mode and the 

inspection mode. The aim of the teachmg ~ode IS to interactlvely define thE! markers that 

will later be used as reference pOints for the registration and scahng of the Images ln this 

case. the only input to the prograrn is the Image of the screen. This image. which ideally 

is binary. is in practice a grey level image because of quantlzation errors in the digitization 

process. In order to biné)rize the image. its histogram is computed. and a 'valley' value 

is found in the histogram. This value Îs the lowest hjstogram value between two peaks 

of the histogram indicatmg. respective/y, the black and whIte regions of the Images. The, 

'valIey' grey level is taken as the ideal threshold value and the image is binarized acèording 

to this threshold. Tl1e resulting Image is displayed on a monitor. and an operator selects 
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III 

\[ .. 1 
e. 

Sereen Aetual cirCUit 

Figure 4 2 PortIOns of a screen and of a CIrCUit cOlltalnlng the l11arkers whlch .1re 

uscd for the allgnment of Clrel/lts 

one of the markers by deflnlng a wmdow around It wlth the help of a JoystlCk Once the 

marker IS approxlmately extracted. the program computes Its exact location A mask whlCh 

Will be used for template matchtng IS also created out of the plcture of the marker The . 
mask conslsts of a grey lev el Image where the shape of the marker has positIve values 

and the reglon around It bas negatlve values ThiS IS a way of creatmg a mask out 01 

a template such that a correlatIOn between thè mask and the Image Will glve ma)(lmum 

response at perfect match locations ([Levtne85. Ch 51) The other marker. whlCh has the 

same shape as the hrst one. IS located automatlcally by performtng a lemplate matchmg on 

the CirCUit The mask created out of the ftrst marker IS used as a template ln thls search 

Once the two markers are located. the followmg information 15 stored as data to be lIsed 

ln the inspectIOn mode the mask whlch IS used for the template matchmg to ftnd the 

markers. the exact pixel locations of the two markers. the distance between them. and the 

direction of the Ime segment whlch Joins them. The distance and the direction arc stored 

to be used as referenees for the scaling and rotation operattons wnlch Will be performed 

durtng the matchtng in the Inspection mode. Figure 4.3 15 a step by step explanatlon of 

the MATCHER program ln teaehmg mode. ft should be noted here that were the sereen 

prepared by a CAO/CAM system and stored in computer memory. access to the perfect 

binary image of the sereen woufd greatly simplify the operation described above. 
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a Ima~e of the mask gets thresholded 

• 
c A mask 1$ created out of the marker 
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.. 
1 1 
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b A marker IS extracted 

1 
~, 

d Exact location of both markers is 
found 

l " , 1 

e Distance and onentation of markers are computed 

Figure 4.3 Step by step explanation of the MATCHER program ln teaching mode 

The template matchmg performed durmg the teaching mode as welt as the inspec- J 
tlon mode 15 a two-stage template matchtng ([VanderBrug75a). IVanderBrug75b)) ThiS 

approach first employs a scaled-down verSIon of the template whlch IS matched agalnst 

a proportlonately scaled-down version of the .mage Th,s prelimmary search prov.des a 

rough estlmate of where the pattern IS ln the Image. A second search wlth the actual 

,Slze image and template only around the estlmated area will give the exact location of the 

pattern. The reason for performing such a two-Ievel match 15 to save computation time. 

The complexity of a template matching operation on a N x M image and a n x m template 

is N x Mx n x m. If the same template matching is done with an image and a template 

which are respectively half the size of the original. the complexity becomes 

N M n m 
2 x 2" x 2 x 2' or 

NxMxnxm 
16 

ln other words. a rescaling factor of r results into a simplification of r4 in the matching 

operation. Once the approximate location of the template is found in the image. an exact 
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Marker Mask 

Figure 4.4 Picture of a conductor sereen the marker which is extraeted from it and 
the mask which IS created trom the marker 

matchmg with the actual Sile Image and template 15 performed only around the' are a of thal 

location. Th,s second stage of matchmg takes much les; computation than a full template 
" matching slnce .t IS done on a very small area of the plcture 

The pictures used durmg th;s thesis work were approxJfnately 800 '< 500 pixels foor 

the two stage template matchlng. reduced plctures of 256 by approxlmate1r 160 were used. 

with proportionately reduced masks. After considering different values. the size 256 was 

chosen as an optimum value for maximum reduction without signlficant 1055 of informatIon 

Pictures of a sample image and its related images (mark. rnask) can be seen in Figure 4. 4. 

ln the inspection mode. the MATCHER module takes as input the data obtained in 

the teaching mode. the image of the s~reen. and the image of the circuit under inspection. 

, The latter is obtained by illumination From the bottom and capturing a picture through a 

camera ittached to a microscope. T.here are two possible ways of itluminating a cÎrcu;t: 
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Top illumination 

r IY\1c.roStope.. 

~ ,",rcuit 

BoUom illum,"atlon 

Figure 4.5 Plcturcs of il hybnd circuit usmg top and bottom Illumination 

From the top and From the bottom (see Figure 4 51. 

Top IlIummatlOn undoubtably glves more vlsual Information about a circuit. since every 

shade and co'our variatIOn can be seen But because of speculantles. reffections and 

porosities in a matenal. analyzing a top Illuminated Image bf a circuit by computer is a very 

d;fficult task. Declding whlch parts of the circuit belong to which layers (eg, conductor, 

dielectric) requires colour information and a high level analysis of the image. Low level 
\î . 

computations such as histogram thresholding are not sufficient in thi,s case since every 

material appears to reflect a wide range of grey levels in the histogram range. Thus. an 

analysis of the circuit using top illumination requÎres a lot of high level computation. In a real 

lime industrial inspection environment this might be unrealistic with current technologies. 
'-.. 

Bottom illumination does not cive ail the information top illumination provides. It provides 
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42 Description of the System 

only an, outline of the printed layers. But sfnce ail the printed layers are either opaque or 

translucent. this information is qUite sufficient for the analyses ta be performed. The only ,. 
important loss of information is in the areas af.the circuit where éi<part of a layer is printed 

on top of arwther layer which is opaque. For example. when a dielectric layer (translucent) 

is printed on top of a çonductor layer (opaque). the parts of the dielectric layer printed 

over canductor lines cannot be seen with battom illumination. In this case. it is assumed 

that a defect occurr;ng on the dielectric la~er over the conductor will alsa show up partly 

outside the areaof the conduètor. This a~sumption may not always be valid of course. but 

another method of inspection wou Id require either sophisticated lighting equipment. or a 

large amount of computation. It is hoped tl1at any defect missed because of this,overlap 

problem will show up during electrical tests. 

Once the image of the circuit is obtained using bottom illumination. the MATCHER 

program searches for the locations of the markers on the circuit using two-stage template 

matching described above. When it finds the markers. it computes the distance between 

them and the orientation of the line connecting them. These values are compared to the 

corresponding values for the screen. and the image of the circuit IS rotated. rescaled and 

registered 50 that it is aligned with the image of the screen. The rotation and reglstration 

were performed digitally during this research but should ideally have been done by moving 

the circuit on an xy(J stage. Once the two images are aligned. a simple subtraction gives 
'v 

an image of the difFerences between the two images. Since a rotation performed digitally 

leaves <Jigitization errors. the resulting image must be c1eaned up. The cleanup is performed 

by canceling every c1uster of three pixels or less. If a rotation table were used. such an 

operation might not be necessary. 

The image of the differences is later translat~d into data usable by the productIon 

system. through the module ca lied LABEl. This module will be explained in another section. 

Figure 4.6 is a step by step explanation of the MATCHER program in the inspection mode. 

4.2.1.2 The EXPCQNTR module 

'The expansion-contraction module. or EXPCONTR. is an implementation of the meth­

od' suggested by Ejiri et al. in ([Ejiri13]). This approach takes advantage of the fact 

that most of the defects oc;curring on a printed circuit are smalt compared ta the size of 
" 

the circuit. Smèaring. sputterin,. cracking and other such incidents always cause smalt 

alterations to the printed material. The expansion-contraction method effecti"c!ly extracts 

a map of ttiese 5man defects. 
l , 
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Hypothetical sereen Hypothetical circuit 

Marker on the sereen is extracted Mask created from marker 
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'Match between sereen and circuit 

Cleaned up ditrerence map 

4 2 Description 0' tire System 

Difference map between matched image and 
sereen 

Figure 4.6 The MATCHER 'procus on a hypothetical circuit. Sec Chapter 5 for 
applications on real circuits 

Ir 

The EXPCONTR module considers the circuit under inspection as- a bin~rJ image 

of a set of comple" polygons. The fault detection procus is petformed in two stales: 

ellpansion-cèmtraction and contraction-expansion. In the expansion contract;o., stage. the . 

border, of ail the poly,ons are foun4. and they are èJlpanded by' a certain "umbe, of pixels " , 
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(see Figure 4.7). The border of the polygons is found using the following algorithm: 

1. Scan the picture line by line starting from the bottom left until you reach a polygon 

pixel. 

2. From the direct;on you amved at the pixel. search its neighbours in a counterclock­

wise manner until you reach another polygon pixel. 

3. Repeat this for every new pixel until the original pixel is reached agam 

The expansion can be perforrred digitally by specialized hardware or by optical means 

([Ejiri73)). but in this thesis It was done in the followlng manner: 

1. Find the border pixels of the polygon . 

2. For every pixel on the border. define ail the 8-connected pixels as borde, pixels. 

3. Repeat the abové procedure n times. 

n is the number of pixels the polygons must be expanded. It is defined according to 

the inspection criteria for a particular circuit. Suppose that a particular constraint for the 

conductor lines states that the minimum width of a line should be half the width that 

the original design requires. Than a value of n equivalent to about half the width of the 

conductor would be appropriate. An expansion by that amount would fill in any nick or 

hole that might be found in a conductor line. and at the end of the expansion-contraction 

process. such a location on the circuit will be marked as a defect. Once the expansion 

is performed. the circuit is contracted by the same amount of n pixels. ,The contraction 

is clone by finding the border and deleting it. This is done n time~. The resulting image 

is identical to the original image except at locations where there are holes or nicks of a 

smaller scale than the size of polYlons on the circuit. A difference of the resulting picture 

with the original one gives a map of holes or nicks on the circuit. 

Th~ second stage of the operation. the contraction-expansion. is the inverse of the 

previous one and is appropriate for finding extra printed elements on the circuit. resulting , 
rrom sputtering. foreil" objects and other accidents. This ,step is performed by contracting 

the circuit first. as described above. and then expanding by the same amount. In the 
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4 2 Description of the System 

resulting image. ail the parts of the circuit which are considerably sr:naller than the polygons 

will disappear. A ditTerence between such an image and. the original image will glve a map 

of unwanted material on the circuit .. The contraction amount n can be the same as in 

the expansion-contraction stage since most of design criteria about open or almost-open 

circuits are similar to the criteria for c/osed or almost-closed circuits~ 

Since both the expansion-contraction and contraction-expansion methods basically de­

tect the high' frequency components on a pattern. both will give false alarms at sharp 

corners (see Figure 4.8). The way to get around this difficulty is by taking into account 

the fact that false alarms will occur exactly at the same locations for both methods. and 

if there really is a defect on the circuit. only one of the method,s will detect it. Therefore. 

an exclusfve-OR operation between the resulting images of the two stages gives a map of 

the real defect candidates. 

A list of errors that the EXPCONTR and MATCHER modules can detect. and the 

reason the two methods are used in parallel will be seen in another section. after the 

description of the PARTITION and LABEL routines. 

4.2.1.3 The PARTITION module 

Were the aim of this work just to detect defects on a hybrid circuit. the EXPCONTR 

and MATCHER modules would be sufficient to accomplish the task. But wt,at is reqUlred is 

not only to detect defect candidates. but also analyse them according to the design criteria 

of the manufacturer. In order to accomplish this. the inspection system should not only 

know the location. size. etc. of defects. but also what type of circuit part the defect IS 

located on. This is particularly important for the conductor layers. because the inspection 

criteria vary greatly for conductor lines. probe or solder pads. or other kinds of conductor 

components. Oielectrics. resistors and overglaze layers generally do not have components 

with ditferent functional characteristics.' but the an~lysis of their defects al50 vary according 

to what kind of conductor area they are printed on. This is why. given a circuit location 

for a particular defect. the inspection system should know what type of conductor is Iyir:'lg 

on that part of the circuit. if any. 
6 

The PARTITION ,module accomplishes this. It takes as input the image of the sereens 

used to print the conductor layers. partitions these image into simple polygons. and outputs 

information about these pol.ygons. This information consists .of the type of polygon. the 

location of its corners. i15 center of gravity. and its ared. It should be noted that what 

is required here is not the division of the image of the circuit into the simplest possible 
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4 2 'Oescription of the System 

Fllure 4.7. ExpansiOft The poIYlons in the circltil are"~~ .. dec1 by " {'" this 
.. ample 3' pixels, The red borden show the expans!on, 
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Fiaure •. 7b Contraction. The expand.ed ~ygons ~re contracted by the same 
nttmber 0" "ltels 
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Filuli! 4.7c The result of the eltpansion·contraction Process. The rtd areas show 
the cliff.ences between the ori,inal figure and the oné creattd by expanding and 
thett contraêting the rormer 
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Figure 4.1d Contraction. The original figure is contracted b~3 pÏllels. , 44 
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Figure 4.1 e ExpansIOn The contracted figure is expanded by three pixels The 
red regions show the added pixels 
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Figure 4.7f The resu/t of the contractlon-e)(panSIOn proce!;s The red arC,lS show 
the dlfferences betwccn the onglllai figure ilnd the one created by contractmg and 
then e~pandlng the rOflner 

Figure 4.7g Combined resu/t by exclusive-OR ing the two intermedlate rcsu/ts seen 
ln le and Tf and the error map obtamed by comparlOg thls resu/t wlth the orll1,lnal 
.mage 

Figure 4.7 The EXPANSION·CONTRACTION method 
U 
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Figure 4.8 illustration of false alarms al sharp corners 

or simple convex polygons Such an operation would not glve a great deal of Informatton 

about the CircUit s layout Rather what IS reQUlred IS informatIon about the funct/Onal 

characterlstlc5 of any pOlOt of the CirCUIt The PARTITION routine accompltshes thls ln 

ftve dlstmct s teps 

1. Corner detectlon 

2. Prtmary segmentatIon 

3. Secondary segmentatIon 

4. Simplification of polygons 

S. ClasSIfication of polygons 

Corner detect;on. The original mput IS a bmary Image of the CirCUit Corners are 

detected wlth a modlfied version of the algorithm descnbed ln IFreeman17al and {Free­

man71bl ([Levtne85 Ch 101 glves a good summary of the algonthm) First the boundary 

of the polygons ln the Image IS found by the method descrtbed 10 the ..section about the 

EXPCONTR module. Once thls 15 done. the boundary 15 known as a 'chalO' of pixels, 

The basu: idea '" the detectlon of the corners of th.s cham IS to . move' a line segment of 

a certain lengtn (say five pixels) along thls chain and recor'd the direction changes on the 

segment Once the whole boundary 15 5canned like th.5. values exceeding a certain thresh­

oId in the direction change functlon are chosen as comers. The reason a line segment IS 
Cl 
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4 2 DescnptlOn of the System 

used rnstead of just measurmg the direction changes from pixel to pixel on the ~oundary 15 

to avoid detectlng false corners due to digltizatlon. Figure 4.9 Illustrates how the method 

works and shows a sam pie circuit wlth detect~ corners. 

Primary segmentation. The p"mary and secondary segmentations use the data ob­

tatned by the corner detectlon calgorithm to dlvide the circUit lOto simple polygons wlth 

distinct functional charactenstlcs Let us define a Unit distance as the wldth of a conduc­

tor Ime Figte 4.10a displays a hypothetical Circuit where the segmentation IS Illustrated 
1 

Corners' which are distant from each other by a Unit distance (tlmes a tolerance factor) 

can be connected to each other and thus form dissection Imes wnlCh dlvlde the original 

Circuit. Corners a - Q and c - d in the figure are such pairs The search starts from the 

bottom leftmost corner. Corners are sklpped until one which has an Inner angle of more 

than 180 degrees is reached (corner b IS the tirst one) Among the remammg corners one 

whlch IS close to that one by the Unit length IS searched (a IS the one close to b). Once , 
the connectlon IS made. the smaller polygon IS chopped off from the Original one and the 

latter IS updated. The algonthm IS apphed recursively to newly formed polygons because 

polygons whlch are chopped off can have further segmentatIOns (eg when c and d are 

connected. the polygon whlch IS formed can be dissected further at pomts e - f) Applyrng 

the algorithm onty to corners wlth an inner angle greater than 180 degrees IS useful 10 two 

ways' First. It drastically reduces the computation t.me sIOce every connectlon must be 

made between two corners at least one of whlch has an mner angle of greater th an 180 

degrees. Thus a search to connect say the corner start to any other corner IS a loss of 

tlme: second. It prevents connections outslde the Clr<CUIt. ego between g and h 

Secondary segmentation. At the end of the pnmary segmentation. there are sorne 

corners which could still be used as dissection pOtots. by connectrng them not to other 

corners this time. but to pOints on boundary hnes Points 1. ). k and [ are such points. 

Such connections are called secondary segmentation. The search for these connections IS 

done by extending either of the two lines formÂng a corner such as i (again wlth an inner 

angle of greater than 180 degrees). and trying to find an intersection point wlth any of the 

other ~gments (m - n in the case of 1) provided that the intersection po lOt lies wlthin the 

endpoints of the segment and that the distance between the corner and the intersection 

point is aga in within the unit distance limit. 

Simplifica~ion of polygons. Most of the polygons formed by the above process are 

expected to be simple convu polygons but may appear to have many more corners forming 

slightly jalled lines because of the inaccuracy in the corner detection. At this step the 
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4 l Descrlptlop 01 Ihe Syslell1 

Figure 4.9b A hypothetical circuit and its detetted corners 

polYlons are s.mphfted ln order to be able to c/asslfy them (see FIgures 4 IOd. 4 tOe and 

4.1Of). The simplification 15 done by deletmg any corner which has an IOner angle very 

close or equal to 180 deg~ees and connect,"g ils two neighbours. This way. for example 

the middle long rectangle-like shape of the. test pattern in FIgure 4.1Oe will be sImplified 

into a recta~gle (or rather a quadrilateral wlth IOner angles close to 90 degrees) Figure 

4.11 is an example of part of an actual circu.t partit.oned into sImple polygons. 

C .... ific.t<Ïon of polYlons. Once the simplification is made. the polYlons can be 
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Figure 4.10a A hypothetlcal Circuit Input ta the computer.5 a hst of corners 

, . 
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( 

Figure 4.10b Segmentation of the circuit in Figure 4.10a 51 
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3 

3 

Figure 4.10c Labelling of the polygons found in- Figure 4 lOb 

-... 

~ 

1 • (Ond/letol' 
2 • sl'IClII SQUQre 
3' .. big SQuctre 
4 't ~ur.ny pOlygQT, 

Figure 4.10d Sime circuit input as a binary image. The (omers are detected with 
the method described in Figure •. 9 Notice the jaged ,jre~ due to the iRiccurracy 
of the corner detection. 
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Figure 4.10e Segmentation of the circUit shown ln Figure 4 lOd 

( 

Figure 4.10f Simplification of the poJygons touRd in Figure 4.1Oe 
53 
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1 • co"duc tOI'" 
2 • 'M411 squa,.. 
3 • bl, square 
4 • fun~~ POI~900 

3 

Figure 4.10g Labelhng of polygons found in Figure 4 lOf 

Figure 4.118 Corner detection on a sample circuit. 

claSSlfled Into one of four classes. 
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( 

Figure 4.11b Same CIrCUIt as ln FIgure 4 !la drawn by connectmg detected corn~rs 

1. conductor Ime 
{' 

2. small square 

3. big square 

4. other polygon 

The first three are supposed to be quadrllaterals. A conductor fine Is~efined as a 

Quadrilateral whlch has a width of untt distance and a lengttl a.t least 1.5 tlmes larger .. 

than the wldth. A small square has its width approJt;mately equal to Its Jength and al50 

approxlmately equal to the unit distance. It is a part of the CIrcuit whlçh connects two 

other parts together like two conductor lines. twa prob~ pads. etc. A big square has ItS 

width approximately equal to Its length but they are both larger than the unit distance. 

A big square is likely ta be a probe pad or a solder pad. The remaining polygons are the 

ones which cannot be dassifjed as one of the three above. They either have more th an four 

sides or do not look like rectangles. These are mast probably parts of the conductor circuit 

which are there because of design aesthetîcs and do not have any electrical functionality. 
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Figure 4.11c SegmentatIon 

Examples of the different types of polygons descnbed here can be seen ln Figure 4 lOg 

Once the polYlons are defined. they are labeled wtth numbers. and a set of feature data 

about them IS passed to th, inspection system. The data IOciudes label. corner coordmates 

center. area. and type of polygon 

•. 2.1.4 The LABEL module 

The LABEL module .s a SImple routine whlch takes 'as .ts Input the defect map that 

e,ther EXPCONTR or MATCHER has generated. and translates .t loto a list of data For 

eadt defect wh,ch appears as a connected duster of pixels. it generates the mtn.mum and 

maximum coordinates of the endosing rectangle. the center and .ts area. The LABEL 

module computes this data by finding the boundanes of the defects (the same wây as the 

EXPCONTR modole finds the boundaries of polygons) and then performing computatIons 

on these boundarles. 

".2.1.5 Output comp.ri.o .. of the modules 

The routines MATCHER. EXPCONTR and PARTITION provide sufficient data to the 
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)-------...f 2 ~ 

~·W~ 
Figure 4.11d Simplification of polygons 

Inspection system for a good search and analysis of defects on any layer The MATCHER • 

and EXPCONTR modules are sUitable for finding defects of a dlfferent nature Nevertheless. 

bath of them WIJI glve a certam level of eVldence al location' whlch most likely contain 

defects. Therefore. the inspectIOn system has the posslbjljty of questlomng both methods . 
before arrlvmg at a conclusion regardlng a partlcular defect. ThiS largely ellmmates the 

occurrence of fàlse alarms. 

The MATCHER program IS most sUltable lor finding defects mvolvlng retatively large 

areas. Because of digltlzat.on errors and slight imperfections dunng the productIon in 

reproducang the sereen on the CIrcuit. small unimportant m/smatches might oecur between 

the circuit and the seree". These are not important errors and they are ,deleted from the 

output of the MATCHER routme. However. errors covenng a large area. such as a mlssing 

part of the CIrCUIt. an extra printe? reg/on due ta tao much paste. missing parts because 

of cracks or lifts will defintteJy be detected by the matching' mechanism. The method wiU 

also detect sorne of the smearing. sputtering. pinholes. etc.. adding stronger evidenee to 

the findings of the expansion-contraction program. ~ 

The EXPCONTR module on the other hand. does nol rety on any co espondence be­

twfJen the circuit and the sereen. and is therefore more suitable for fi (jing actual 5maU . ~ 
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Figure 4.11e Labelhng of polygons 

defects as opposeE! to small unlmportant discrepancles between the twa. 'lt will definrtely 

detect cracks. pinhales, smeanngs, sputterings. It Will also glve eVldence about larger de­

fects slnce these generally tend to have jagged and therefore hlgh frequency edges This 

eVldence. combmed with the eVldence comtng From the MATCHER pragram, have been 

largely sufficlent far an In-depth analysls ef defects. As stated earlier, once the defe~ts 

are located. It is Imperative ta find out where wlth respect to the CIrCUlt'S varrous ,com­

ponents the defect actually occurs. This IS accomplrshed uSlng the data comlng from the 

PARTITION program 

4.2.1.6 Separation of layers 

An important problem in computerized visual inspection of a multl-Iayer CircUit such as ., 
a hybrid circuit is the visual separation of the different layers. Since bottom Illumination 

1 

is used in tHis the~is. colour information cannot be uS'ed for 5uch a separation. Instead .. 

we !Ise the fâct that ail layers are eithe"r translucent or opaque. After' the printrng of ,1 , . 

every layer. a bottom illuminated pkture of the circuit is taken. The his~gram of the 

picture Îs computed and its peaks are related ta various circuit layers. For example the . , 
peak around black indicates the conductor lines and the resistors. since both- of these are 

J 
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Figure 4.12 
., 

Hlstop,rall1 01 J CIrCUit wlth conductor and dlc!cctrtC layers (the Circuit 

(.III tH' "1'1'11111 FI~ttre 5 4;\) ff1l' ftr~t pf'Jk forrp<;pOl1d~ to tlw rOlldllCtor layer whlch 

15 the dJrkest l.lyn fhe other two pcaks corrcspond to the dlelcctrrc layer Jnd baIe 

luOS1r.lte rcspcctlvcly 

opaque The peatll wlth the hlghest grey level corresponds to the substrate whlch 15 the 

most translucent of ail of the components of the Circuit ln between these are two peaks 

mdlCatlng the dlelectrlC layer and the overglaze layer The data obtatned from the hlstogram 

15 used 10 conJunctlon wlth the (lJ:çture of the same ClfCUlt taken before the most reCient layer 

was prmted For example when the fJrst conduclor layerLgets pnnted on the substrate 

the hlstogram o( the Image 15 computed and the Image IS thresholded at the only valley 
<f 1 

value ThIS glves a bmary Image of the conductor When the dlelectrtc layer gets prmted 
\ 

on top of the conductor the hlstogram of the Image has three peaks and two valleys The 

mlddle peak Indlcates the dlelectrtc The Image IS thresholded at the two valley values and 

the dlelectrlc IS assl.gned a certain grey level t",S value ,"dlcates the presence of dletectnc 

matenal on the CIrcuit (see Figures 412 and 5 11 

But smce sorne of the dlelectrlc IS hldden by the conductor a direct companson of 

thls Image by the MATCHER module can be mlsleadlng Therefore mformatlon from the 

picture taken before the dielectnc was prlnted IS necessary to conflrm the output from the 
) 

ma'cher prog!am. If a reglon 15 Indlcated as bemg a defect by the MATCHER prograr;n and 

the Image of the cOflductor layer does not have a conductor strrp over that reglon. th an the 

region tS really a defect. otherwlse Il IS Just hldden under a conductor The same reasonmg 

applies to output from the EXPCONTR module, The same approach also appltes to other 
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layers every tlme part of a layer IS prmted over part of anotl1er layer whlch IS opaque 

4.2.2 The Production System 

The modules descnbed above do the fault detectlon work and also take most of the 

computation tlme But what makes the Inspection ~ystem 'intelligent' I~ the rule-based 

production system whlch uses the data provlded by the modules The production system 

15 the 'bratn' of the operation It accompllshes two tasks managmg the whole operation 

by runntng the rtght program, Issulng the rtght command or message at the nght tlme, and 

analyzmg defects The next two sectIOns Will go tnto the detalls of bath tasks 

4.2.2,1 General Management 

A speCifie succession of actions must be performed Jor the vlsual inspection of every 

l1ybrld circuit 

1. Vlsual inspection of the Circuit after the prmtmg of every layer 

2. Report of the CirCUit s state to a general database, denvatlon of statlstlcs from the 

collected data 

3. Generation of error messages for defects on the Circuit as weil as mlshaps m the 

operation 

... PrOVIsion of Interaction wlth a human operator whenever necessary 

A rule-based production system IS more sUltable for such tasks than a procedural 

computer program. 

The management part of the production system in thls theS1s performs the followlng 

tasks: Inquires wh~ther the inspection conslsts of a new Circuit. tn which case extraction 

of markers and other Inttlalizations are necessary: or a known Circuit. in which case the 

da ..... already stored about the circuit are used. 

The system then proceeds to obtain Images of every layer, and runs the necessary fault 

detection pr~grams, ln the process. whenever neces~. it stores the data for future use. 

Then Il applies the inspection rules to analyze tlle data obtained from the previous steps. 

During the analysls stage. the system reqUires stored information about the circuit. such 
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(p doPartl tion 

--> 

(goal 
-analysisType 1 
-layerType conductor 
-partition notOone) 

. teach~ng mode 

(wrlte (crlt) dOlng the partitioning (crlf) ) 
(calI partltlon) 
(modlfy 1 -partitIon done 

-analyslsType 2 » 

Figure 4.13a Example of control rule If we are ln the teachlng mode and the 
layer under inspection 15 il conductor layer and pilrtltlOnlng ha5 not been performed 
yet perform the partltlontng 

as the Image of the screen used ta generate the partlcular layer. or the Image of the prevl­

ous layer At vanous stages. the operator can dlSÎ)lay vlsual ,nformation on a mOnitor or 

numencal mformatlon on a termmal (see Figure 1 7) The system IS supposed to commu­

nlCate wlth a robot repalr system runnmg slmultaneously, but thls commUnication IS part 

of another proJect ln our laboratory At thls pOint. our system glves visuai and numencal 

,"formation as weil as an Enghsh descnptlon about defects and stores the information If 

requlred 

The OPS5 production system Interpreter IS used for the Implementation of the system 

The next chapter Will glve mpre information about the programmmg aspects of the proJect. 

What should be noted here IS that due to the almost Engllsh I,ke style of the OPS5 rûles, 
, . 

and to the fact that IS IS easy to modlfy a productIOn system addmg or 1)10dlfymg any 

rules to the system IS qUite Simple This comment applles to general management rules 
() 

as weil as to deteet analysis rules Therefore. if a new rayer gets added to a certain type 

of hybrld CirCUIt. or If more Interaction IS requtred for sorne reason. or If sorne inspectIon 

rule gets modified because of industnal needs. the addition or modificatIon of rules should 

prove to be tri vIal 

4.2.2.2 Defect Analysis 

The defect analysis rules in the rule-based system are direct translations of the indus­

trIai inspection rules into OPS5 productions. Since the data about the location, size. area. 

orientation of defeets is fed to the system by the inspectIon modules. the productions' only 

task is to 'translate' ttre Inspection rules into the OPS5 language and then apply them to 

the defeets. As stated above. modifying or adding rules is a relatlvely simple task. Figure 

4.13 gives examples of defect analysls rules as weil as general management r~les. 

,/ 
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(p areaOfFaultOnPad 
(apply ruIes) 
(loopIndex ~value <lndex» 
(statusWord ~vircuitPart 3 

~testType {>= 2 <= 3} ) 
(partDescription ~25larea <x» 
(faultValues ~area >= <x> 

a tauit found on a probe pad by 
the matcher program (or both) 

--> 

~centerX <centX> 
~centerY <centY» 

(remove 1) 
(wrtte'~crlf) area 

~..entX> <centY> 
of fault number <index> at location 
18 more than 264 the area of pad (crlf)) 

Figure 4.13b Example of analysis rule If a defect 15 found on a probe pad ,by the 
MATCHER program and If the area of the defect 15 greater than 25% of the area 
of the pad Issue an error message -

4.3 Conclusion 

As stated earher one of the great\advantages of uSlng ~ rule-based system for an 
inspectIon process IS the ease by whlch one can add or modlfy rules ln ItS current state 

the system descrlbed ln thls chapter contams the necessary control and inspection rules for 

the inspection of the two-dlmenslonallayers of hybnd Circuits These rules can be altered 

to SUit the cntena of dlfferent manufacturers and the requÎrements related to dlfferent types 

of Circuits 

Currently. the system contaans approxlmately twenty control rules These are related to 

the selection of programs to run. Images to read 10. and declslons about whlCh inspection 

rules to apply ln dlfferent cases There are three or four Inspection rules per manufacturer s 

inspectIon cntenon The reason there 15 not a one-to-one corresp~ôndance between inspec­

tIon Criteria and inspection rules 10 the productIon system cornes from the limitations of 

the OPS5 production system Interpreter ln performmg anthmetlc operatIons on the left 
• 

hand side of rules ([Forgy811) 

t 
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Chapter 5 Applicatign Examples and Conclusion 

i \ 

5.1 Introduction 

This chapter will glve sorne detall about the programmmg languages and techniques 

used ln the Implementation of the thesls It will then show sorne application examples 

and finally WIll end wlth suggestIons for mdustnal hardware reqUlrements and pOSSIble 

Improvements 

5.2 Programming Notes 

As mentloned m Chapter 4. the production system Interpreter used for thls thesls IS 

the OPS5 mterpreter. wntten for a LISP envlronment [Forgy81j. The OPS5 mterpreter has 

the advantage of acceptmg LISP routmes for Simple computations or commUnications It 

also has the disadvantage of not havmg sufficlent memory space slnce It runs un der LISP 

ln fact. It was found Impossible to load large plcture arrays ,nto the productIon system 

Therefore another high level programmmg language was necessary for the low level fault 

detection computations. VAX-FORTRAN. an ,mproved version of FORTRAN-77 was used 

for the these computations. Agam because of memory limitations. the inspection modules 

were designed as separate main programs. and the communication between them and the 

production system was done through mailboxes ({DEC82J). Since the only information 

passed from the FORTRAN programs to OPSS was the numencal data about circuit poly­

Ions or defects (see Figure 4.1). this scheme solved the problem of memory limitations 

in OPS5. The inspection modules were written so that they could be run in two different 

modes: one mode i5 very Interactive and lives the operator the possibility of displaying 
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5 2 Programmlng Notes 

dlfferent stages of the inspection and asking for numencal information. the other mode 

communicates only wlth the production system. 

The whole system was developed on a Digital EqUipment Corporation VAX-tt/7aO 

computer. Images were displayed on a Grinnell display system. The Circuits were digitized 

using a WllD-M8 microscope. and the photographlc transparencles whlch are used to 

create the screens were scanned on an Optromcs PI000 drum scanner 

5.2.1 The OP 55 production system interpreter language 

The rule-based system wntte,n ln the Ç>PS5 production system Interpreter language 

plays an Important role ln making thls system 'intelligent'. This section Will summarlze 

the experlences and dlfficultles encountered dunng thls thesls work in usmg the OPS5 

interpreter 

An OPS5 production system conslsts of productIons whlch are formed by a left-hand 

side (LHS) and a nght-hilnd side (RHS) The LHS IS a group of logl(al conditions These 

conditions are related to the eXIstence or absence of memory elements ln the system' s 

memory tables Values of variables can also be tested ln the LHS conditions: e g whether 

the value of a variable IS larger or smaller than the value of another variable IForgy811 

glves a detalled deSCription of the LHS conditions Examples of rules are glven ln Figure 

,4 13 If ail the conditions of the LHS of a production are satlsfied. the production mlght be 

··fired'. In other words. the actions descnbed on Its RHS might be performed. When more 

than one productIon have satlsfled LHSs, the Interpreter Will chose one of the productions 

according ta a scheme called conf/jet resolutlon Chapter 3 goes Into a deta.led deSCription 

of contlict resolutlon strategies. OPS5 uses a strategy called LEX whlch 15 also deswbed ln 
-

Chapter 3. The actions descnbed on the RHS are related to adding, remOYlng or modifymg 

memory element5. They can also irw-olve Input/output operations for commUnication wlth 

• the 'world' 

The OPS5 language is very versâtile for implementing rule-ba5ed systems. An impie­

mentation of the rules of an expert system is done in an almost English-like manner. as 

can be seen in the examples ln Chapter 4. Its conflict resolution features provlde ways of 

getting around difficulties that would normally be encountered in programming the same 

expert system ln conventlon.,llanguages such as FORTRAN. For example. when a defect 
1 

on a hybrid circuit is analyzed, there might be several plausilile expia nations about its 

nature. In a conventional language, finding the most plausible explanation would require 

explicit comparisons and implementations of decision making rules. In a production system 
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Interpreter. ail thls IS done by conflict resolutlon. If two or more LHSs are sati5fied. the 

Interpreter makes a decision about whlch production to fire. 

Unfortunately. trymg to .Implement conventlonal programmmg techniques in the OPS5 

language becomes difficult. For example. In a sequential programrmng language a loop IS 

very ea5y to Implement. thls 15 generally do ne wlth just one commando In OPS5. creatlng 

a loop becomes a major Implementation problem; It takes at least three productIons to 

slmulate the behavlour of a· !oop. and the limlts of the loop index have to be checked 

explicltly on every Iteration. It could be argued that ln an expert system a loop ln the 

conventJonal sense IS not needed. but ln the case of a system hke the one descnbed ln 

thls thesls where general management and expert analysis are both performed by the same 

program. loops and other conventlonal programmtng techniques are necessary For Instance. 

the OPS5 program used in this thesis analyses every defect as an expert system. but It 

has to perform the analysls on several defects: therefore It has to perform a '/oop' for every 

defect One possible solution to overcome thls difficulty would be to use the OPS5 program 

as a subroutme cal/able from convention al languages like FORTRAN. therefore takmg care 

of loops and other classlcal programmln, techmques from outslde the OPS5 envlronment 

Such a technique was found Impossible to Implement due to the very dlfTerent nature of 

FORTRAN and LISP OPS5 

One other major weakness of the OPS5 programmlng language is its Inabllity to perform 

simple anthmetlc operations on the LHS For example. although Implementmg a ru le whlch 

, says "if x ~ y then action" IS very easy. one whlch sa ys "if x + y ~ z then achon" 

requlres wntlng two productions one of whlch forces the other to fire. and creatlng a 

new 'mtermedlate memory element. ForCing productIons to tire IS agamst the splrat of 

production systems. but IS unfortunately needed ln thls case as weI/ as ln the case of 
f 

implementlng conventlonal programmmg techniques. 

These and other dlfficulties encountered durmg th~ use of the OPS5 production system 

interpreter are closely exammed in [HongS4). 

~ 
5.3 Application Examples 

The operations of the basic modules of the circuit have been illustrated in Chapter 4. 

Filur~ 5.1 to 5.5 give examples of the application of the system to real hybrid circuits. 

Figure S.la shows the application of the MA TC H ER prograrn to an actual circuit. First. 

the markers are extr~cted and the size and orientation of the sereen found in the teaching 
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~ J Application Examples 

Thresholded image Rotated and resized Image 

Malch belween CircUit and sereen Difference belween CIrcuIt and sereen 

\ 

Fi&ure 5.ta Appfication of the malcher program to a real circuit The resulting 
image will be cleaned up and a perfect match will be found 
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5 3 Apphcatlon ExaOlples 

Figure 5.lb An cxample where the MATCHER program finds a mism.ltch bct""e~'l 
the scree" .1nd the CircUIt Note that although the markers correspond c)(,lClly the 
rcst of the Clrclllt IS dlstortcd This mll1.ht be causcd by a distortIOn dUIIIl~ the 
pnnUng or dlgltizatton proccsses 

mode Then. the Image IS thresholded aecordmg to the valtey found ln ItS hlstogram USIO~ 

the data rrom the teachmg mode and the data obtamed From the marker locations on the 

actua'image. the CIrCUtt's Image IS rotated and rescaled Once tht.&.-IS done. the CIrCUIt and 

the sereen are supenmposedvand the difference between the two IS found n'lis glves a map 

of the defects Figure 5 lb shows the result of the same operation on another CirCUit ln 

thls case, although the matehmg operation completes successfully It IS observed that the 

ClrCU.t and the screen cannot be matched properly ThIS IS caused by a d.stortlon élther 

dunng the prtntmg process or durmg the dlgltlzatlon process 

Figure 5 2 IS an e)(ample of the application of the EXPCONTR program to a portion of 

a rea' circuit The defect map tndlcates parts of the conductor CirCUIt wh.ch mlght be tob 

narrow aeeordmg to speclftéatlons An analysis of the defects by the productton system Will 

measure the conductor Imes whlch contam the defects and Will arrive at a fmal conclusion 
• 

- about the measurements 

As mentloned ln Chapter 4. addltlonallayers are extracted From the Image of the CIrCUit 

by thresholdlng the hlstogram Figure 5 3 shows il hypoth~tlca' Circuit where the dlelectrlC 

IS too narrow at the top nght corner Once the Image of the d.electnc IS extracted frol,il 

the Image of the whole Circuit. the EXPCONTR program tnd.cates the narrow reglorl as il 

possible flaw. Figure 5 4 shows the sa me process on a real CIrCUIt 
) 

Finally. Figure 5.5 glves examples of defect analysls rules tha. glve error messages At . 

this point. this information 15 slmp'Y prtnted on the operator's termmal. but .t could be 

used to fire up other programs which would control the robots and other devrces to actually 

repair the circuits. 

68 



5 4 Hardware Requlrements and Suggested 'mprovemenls 

-
Expansion Result 

Contraction Reult 
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Defed Map 

Fieure 5.2 Application of the EXPCONTR program to a real cIrcuit 
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Hypothet;c.11 CirCUIt Extracted image of the dielectnc layer 

Detected defect 

( 

Figure 5.l Detection of defects on <the dielectric layer 
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Circuit~th conductor and dielectric lay­
ers 

Thresholded circuit 

5 4 Hardware RcqUlremcnts .1I1d Su~~esl&d Improvcfllcllls , 
r 

Histogram of the circuit 

'Extracted'tdielectrlc layer 

• 

Figure 5.48' Exarnple of defect detection on the dielect~ic layer. Extraction of the 
dlelectric layer from the image of a circuit 
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Combtned results 

potentlitl dcfects 

Requeremenls and Su\!,gl'slcd Imprù\C 1llCllls 

The lig,ht areas show 

• 

Figure 5.4b Example of defect detection Iln the dielectric layer Finding the defects 

with the expansion-contraction methods 
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12. getArrayValues 30 ~o 39 28 34 35 
13. neckOnConductor 52 46 50 51 44 

wldth of taul t number 3 at location (54.117) is more than 75% the width ~ 
of the conductor lt lies on 

14. loop 19 46 49 
15 getArrayValues -l6 56 55 44 50 51 
16 endLoop 68 ~ 
17 loop 19 62 65 e; 
18 getArrayValues 62 72 71 60 66 67 
19. endLoop 84 
20 loop 19 78 81 
21 getArrayValues 78 88 87 76 82 83 
22. endLoop 100 
23 loop 19 94 97 
24. getArrayValues 94 104 103 92 98 99 
~5. endLoop 116 
26. loop 19 110 113 
27. getArrayValues 110 120 119 108 114 115 

i~8. endLoop 132 
29. loop 19 126 129 
30. getArrayValues 126 136 135 124 130 131 
31. end.Loop 148 
32. loop 19 142 145 
33. getArrayValues 142 152 151 140 146 147 
34. endLoop 164 
35. loop 19 158 161 
36. getArrayValues 158 168 167 156 162 163 

1-
37. neckOnCqnductor 180 174 178 179 172 

Wl.dth of fauit number 11 at location (55,116) lS more than 75% the width 
of the conductor it lies on 

38. Ioop 19 174 177 
39. getArrayValues 174 184 183 172 178 179 
40. areaOfFaultOnPad 196 190 194 195 188 

area of fa~lt number 12 at location (192,139)' is more than 
25% the area of pad 

Figure 5.5 Examples of anaJysis results The system issues error messages with 
the location and description of defects. The names and numbers seen in the listing 

/ above are the names of the rules fired by OPS5 and the memory elements accessed 
by the ru les This data is particularly useful for debugging a new or modified system . .. 

5.4 Hardware Re'quirements and Suggested Improvements 
..,. 

The har<;fware used in t"is research is a general purpose research facility. The system , 
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5.. Hardware ReqUirements and Suggested Improvements 

15 not mtended to be used 10 an Industnal environ ment At thls pOint. the analysls takes 

at least 30 minutes or more to completely analyze one 1 lOch 2 lOch hybnd CIrcUIt ln 

an real production envlronment thls IS completely unrealtstlc e production system Itself 

takes an mSlgntficant portion of the inspection tlme. but It c uld st'" be run ln a faster 

envlronment. wlth dedicated hardware and a faster version of t e production system than 

the LIS P version With aVeulable array processors and other dedlcated software. operations 

"ke convolutions and correlations can be performed wlthm seconds mstead of minutes 

Wlth such hardware. It IS reallstlC to expect an mspectlon tlme of one mmute or less per 

Circuit. 

The bottleneck occurs at the fault detectlon modules. whlch reqUire expenslve compu­

tations on large plcture arrays They could be Improved 10 two ways by usmg speClahzed 

computer hardware. such as array processors. to speed up operations "ke template rn.atch­

Ing: and by using hardware to chJ sorne of the processlng optlcally and mechanlcally Instead 

of digitally Such hardware Includes speclaltzed optlcal or digital machmery to perform the 

expansion-contraction or matchmg operations. a~ weil as x ~ y and rotation stages 

Of course. the overall proJect would Include circuit mantpulatlon and repalr elements 

such as robots. conveyor belts. cameras. suction pumps. etc. Such a repalr system 15 

currently being designed ln our Computer Vision and Robotlcs Laboratory. This system 

will be interfaced to the inspection system described in this thesis ln conjunction wlth two 

other proJects. Thés,e deal wlth the three-dlmensional aspect of the Inspection problem and 

wlth the solder jomt inspection problem. 
1 

Apart from hardware Improvements. the software of the system could be Improved 

This is by no means the final version of a system àppllcable to mdustnal conditions. but 

ItS present performance proves ItS applicablltty to real manufactunng envlronments. Some 

of the improvements we suggest for the sys.teM are the followmg 

1. The data provid~d by the PARTITION mddule IS very Important for the performance 

of the production system. This module is run once for every new circuit. and the 

information it generates is used for ail the circuits of the sa me type to be inspected. 

Since this information is 50 crucial. and since the output is not always perfect because 

of digitization errors and noise. the system should provide a human technician a 

means of editing the data. Two methods of editing should be used. First. the 

corners detected by the program should be modifiable. This G,ould be done with 

a joystick by displaying the circuit on a screen and chan,in~ locations. adding. or 

deleting corners. Then. once the pol~gon types are determined. the opera~or should 
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5 4 Hardware Requlrements and Suggested Improvements 

be able ta modlfy these types. dlvlde polygons Into smaller ones. merge polygons. 

etc These two interactive steps would help create a more perfect model of the CirCUit 

for future use Also. as a separa.le type of polygon It mlght be a good Idea to add 

the lead frame attachement pads. slnce sorne of the rulés related to these pads are 

dlfferent than rules related to other kinds of pads 

2. The generatlon of the screens by a CAD jCAM system would help ln almost every 

stage of the production and inspection Durmg the computenzed design. engmeers 

could Indicate the types and exact locations of polygons used for the conductor 

layers. thereby ellmlnatlng the need for not only the interactive edltlng suggested 

above. but the role of the PARTITION module altogether The design of screens 

uSlng CAO/CAM systems would also provlde more accuracy and flexlbdlty ln design 

and modifications. 

3. Statlstlcs related rules have not been added to the production system Such rules 

would generate histograms of the typesand locations of defects occurnng on different 

layers. and would suggest corrective actions whenever certain defects occurred too 

often. Indicatlng a possible flaw Ln the production process 

4. Better software tools could certamly help the development of the system. The version 

of OPS5. the production system mterpreter. used in'<this thesis has more programmmg 

flexlblilty than other versions of the sa me interpreter that we examined. but it also 

lacks certain ablhtles related to resource management • Because of ItS lack of 

memory space, and array limitations. ail the opêratlons on dlgitlzed plctures had to 
, , 

be done ln a completely separate environ ment. and the data obtamed From these 

operations were passed to the production system ln a somehow mconv~nlent way 

(see Section 2) At any stage. If addltlonal information related to dlgltlzed If>ictures 

was needed. other dedlcated lower level programs had to be run ln order to provlde 

the information. OPS5 has no means of performmg the operations wlthm Itse f. This 

difficulty caused the additions of new rules to be more difficult than we would expect 

it to be with an Interpreter havlng the required capacity. 

• Three other versions of OPS5 have been experimented with during this thesis work. They are the 
experimental Bl/55 version mentioned in [Forgy81f. and pre-releases of versions 1 0 and 20 of VAX-ll 
OPS5. also written in Bl/S5 
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5 5 Conclusion 

5.5 Conclusion 

ln thls thesls we have designed and Implemented an automated vlsual inspection sys­

tem for two-dimenslonal layers of hybnd ~Ircults. The system works weil in our research 

environment It detects. analyzes and reports on defects on any of the pnnted layers of 

hybrid circUits. It would need speclalized hardware and posslbly sorne software adapta­

tions to be used ln an mdustnal production envlronment. but It has been proven that It can 

accomplish the task of InspeètlOg and analyzmg defects 

) 
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