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Computer-Controlled  Optical  Testing of High-Density 
Printed-Circuit  Boards 

The increased densities of multi-layer printed-circuit boards have required development of unique approaches to product 
testing. An optical  automatic inspection system developed to test interplanes of the printed-circuit board used in the IBM 3081 
processor (TCM board) is described. This system scans the features of the product and locates surface defects of 25.4 pm ( I  
mil) or larger through changes in reflectivity. I t  is capable of finding over 90% of the errors on subtractively plated 
printed-circuit interplanes, as well as shorts and opens of 50 pm or  more on glass masters of printed-circuit boards. Alternative 
approaches to the inspection problem are discussed, together with the technical trade-offs which  were made that led to  thefinal 
system configuration. The tester theory and some hardwarelsoftware trade-08s are also covered. 

Introduction 
Commercial electronic computers have  become more power- 
ful  since their  introduction, yet they have been reduced  in 
physical  dimensions from room  size to desk  size. As their size 
has  decreased  and  the  number of interconnections due  to 
more powerful logic has increased, the  printed-circuit  boards 
used have  become denser  and  more complex. Today’s 
printed-circuit  boards  can  be  extremely dense,  with very 
small geometries and with many  layers,  called  interplanes. 

The cost and difficulty of repairing a multi-layer board 
after  it  has been laminated have  led to  the  testing of 
individual  layers of the  board  for  shorts  and opens  before 
lamination.  For  example,  the  features  (land, pad, clearance 
hole) of the  IBM 3081 printed-circuit  board  (PCB),  referred 
to a t  IBM  as  the  TCM  board [l] ,  are  small  and closely 
spaced anywhere on the 600 x 700-mm  board  surface. 

Since  the  board is constructed of epoxy-fiberglass, it 
changes dimensions  with variations in humidity  and  temper- 
ature.  These dimensional changes  introduce a degree of 
uncertainty in the location of features.  For example, an 
individual layer of a TCM board  can  exhibit a growth  or 

contraction of up  to ~ 0 . 1  mm  along  either  axis of the  board 
as  the  moisture level varies. 

Traditionally,  PCBs have  been tested using  a contact-type 
test system.  However,  because of the  small  test-pad sizes and 
the imprecision of the  contact location, a fixed test head may 
or  may not make  contact with any given test point. Thus, a 
reliable non-contact test method had  to be developed. One 
type of non-contact test investigated  was visual inspection. 
However, the high density of the wiring and holes of this 
board  made visual inspection  both  tedious and inefficient. 

Since both contact  testing  and visual inspection  were  ruled 
out,  an  automated, non-contact testing method  was  consid- 
ered.  The  test method  chosen was a  computer-controlled 
image-dissector  system. This system determines  circuit 
imperfections as  changes of contrast in reflectivity between 
copper  and  the  dielectric  as  it  scans only the  dielectric  or only 
the  copper portions of the  interplane. 

Automated non-contact testing was  selected  because it 
provided the best  solution to our testing problem at  the  time 
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the system  was developed in the  early 1970s. This  paper 
explains in detail  the development, architecture,  and  trade- 
offs of this  unique electro-optical test  system.  We discuss the 
product description and  test  characteristics,  the  alternative 
methods  for testing, the reasons and justifications for the 
choice of method,  the engineering  trade-offs and decisions 
made,  the  strengths  and weaknesses of the  method,  and  its 
future applications. 

Overview 
Including the  ground planes, the  printed-circuit  board for the 
IBM 3081, or TCM board,  has 12 interplanes for power 
distribution.  These planes are solid copper  except for holes 
that  are  etched for vias through  the board. The  board  has a 
woven fiberglass  base with copper power planes laminated on 
both sides. There  are over 30 000 holes in each  plane, with 
each hole having  a  nominal diameter of a little over 1 mm. 
These via holes are  subtractively  etched  from  the copper. 

The typical  problem with these holes is under-etch, in 
which the copper is not  completely etched  away  and some 
metal  remains in the hole. If this copper is connected to  the 
side of the hole and is not removed, interplane  shorts  can 
develop when the holes are drilled and plated through in the 
composite  board. Figure I shows a schematic of a multi-layer 
board with an  interplane  short. 

There  are six signal interplanes  (printed  circuit layers)  in 
a finished TCM  board.  These planes are  made by an  additive 
copper process on a  fiberglass substrate.  The lines are 
nominally 0.08 1 mm wide. 

The typical  types of defects found when testing a  signal 
plane are  shorts,  near-shorts,  and opens. A near-short is 
defined as  any  extraneous piece of copper that  narrows  or 
closes the  gap between an  adjoining  feature  to less than  an 
engineering-specified number.  Typical  printed-circuit  fea- 
tures  are shown in Fig. 2. An open is a void in  a  copper line 
larger  than a given limit that  causes a certain risk for a 
circuit  to “open.” 

Each individual plane of the  TCM  board is made by an 
additive or a subtractive copper process. In either case,  a 
glass master of the individual  planes is used to expose 
pre-determined features.  These  features  are  then  added to or 
subtracted  from  the individual layer, leaving  a finished 
interplane.  Since  the glass master is used to  generate  the 
finished product,  it must be as nearly perfect in quality  as 
possible. Since glass masters  may have nicks, scratches,  and 
missing or misplaced features,  they  must be tested for  defects 
and  repaired before  being used in production. 

All of the various methods which can be used to inspect the 
individual layers  and glass masters of printed  circuits  can  be 
placed  in  one of two categories,  contact or non-contact. 

Interplane short 

Figure 1 Typical  cross  section of a TCM board,  illustrating a 
power plane  via hole short. 

Figure 2 Typical  signal lines on a TCM board  signal  plane. 
Circles  represent via holes. Note that both 45” and 90” line jogs are 
used. 

Contact testing 
Contact  testing,  as  the  name implies, involves making  con- 
tact with the product to  be  tested.  The most  common type of 
contact  tester is a “bed of nails” machine.  It uses probes that 
make  contact with strategically located features  and  then 
applies  various  signals that  determine  whether or not a short, 
open, or marginal condition is present. One method of 
determining a marginal  situation is to  stress  the  circuit 
electrically.  Neckdowns or possible opens can  be  current- 51 
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stressed while extraneous  copper  circuits  can be voltage- 
stressed. The neckdowns tend  to open up  and  the  extraneous 
copper circuits  tend  to  break down (fuse  out).  The problem 
with contact  testing is that  the  PCBs  are  large  and  the 
features  are very dense,  thus  making a contact  scheme 
difficult if not  impractical. 

Non-contact testing 
The most obvious method of non-contact testing is visual 
inspection. This  method consists of having the  panel 
inspected by a person for extraneous copper and voids. In 
early  experiments we found that  it  takes  an  average of six 
man-hours  to inspect one side of a signal  plane, resulting  in  a 
very labor-intensive and tedious test. 

Another method of non-contact testing is comparison 
testing. A “good” panel is used as  reference  and  the panel 
under  test  and  the  reference panel are  scanned  simulta- 
neously and  compared.  An  error is detected if the panel 
under  test differs from  the  reference  [2].  This method has an 
inherent problem  in that when the  error size  is close to 
uncertainty  and  tolerance dimensions,  a large  number of 
false errors  are  generated.  Thus, considering that our error 
size is in fact close to  the  uncertainty  and  tolerance values, 
comparison testing  turned  out not to  be a  viable alternative 
for TCM board  products. 

There  are a number of non-reference methods for  inspect- 
ing interplanes which are presently  being used elsewhere. 
Most of these  methods  are  independent of part  numbers in 
that they scan  the panel, looking only for good and bad 
characteristics [2-61. This is similar  to  the  method  an 
inspector uses to look at  the  printed  circuitry with  a  micro- 
scope. This  practice works under  the  assumption  that  entire 
lands, lines, or holes are  neither misplaced nor missing. Thus, 
it depends on thoroughly  checking  the glass master  to  ensure 
that it is free of missing or mislocated features. 

Test system selection 
The system that was selected to  test TCM board  interplanes 
was  a  computer-controlled  image-dissector  system. Clear- 
ance holes on power distribution planes are  scanned inside 
the  perimeter looking for  extraneous copper. Printed-circuit 
lines and  pads  are  scanned down the  center looking for voids 
and along the edges looking for  extraneous copper. These 
scans  can inspect along  the  edge of features in steps  as  small 
as 0.5 pm,  although  the  typical  step is 25  pm. As described  in 
detail  later,  the  scans  are  generated by modifying data  from 
which the glass master is made. 

At  the  time of initial development  in the  early 1970s, the 
required  capabilities were  not available  from  commercial 
vendors. Also, the  assumption on  which the  discarded  meth- 
ods were  based  was that  there were  no  missing or misplaced 

features.  Since  this  assumption  did  not necessarily apply  to 
our glass masters (unless they  had first been checked  for this 
type of error),  the  resulting  PCBs  made  from  such  masters 
would have had  the  same  errors,  and a scan without compari- 
son to  the design data could never have  found them. Our 
system scans  the  printed-circuit  features on the basis of 
design data,  and does  it to both  glass masters  and  PCB 
layers,  resulting in a  double-checked  system  wherein  mis- 
placed features  are  found  and  corrected a t  the glass master 
stage before  production  commences. 

The  PCB layer is illuminated by a thalium iodide  high- 
intensity  discharge  lamp  (570  nm).  The light is delivered to 
the  product  through a fiber optic  bundle which is designed to 
deliver  a  uniform  light a t  a  controlled oblique  angle  to  form a 
dark-field illuminator.  The  substrates of the panels under 
test  are dyed to provide  a  high  visual contrast using the 
570-nm  light. Each panel is chemically and/or mechanically 
cleaned to make  the  metallic  surface of the board  a uniform 
reflector and  to  enhance  contrast. 

Error detection is accomplished  using  a level detector.  The 
light reflected from  the  surface  under  test is translated  into a 
video voltage  signal. The  more light reflected back  to  the 
camera,  the  greater  the  amplitude of the video signal. An 
amplitude reference level is generated using  a  special  algo- 
rithm. Video voltages  above the  reference level are defined as 
being due  to copper;  those below the  reference level are 
defined as being due  to  the  substrate.  Two  separate reference 
levels were developed. One is used when scanning the dielec- 
tric  material, looking for  extraneous copper. The  other is 
applied when scanning  copper  lines looking for voids or 
opens. 

Many engineering  trade-offs  were  considered when select- 
ing components for  this  system. When  this concept  was  being 
developed,  charge-coupled devices (CCDs)  and  other  digital 
imaging devices were  not available  with  the required resolu- 
tion. Vidicon television tubes were available  and exhibited 
good resolution characteristics,  but  they exhibited image 
retention and could  not be  scanned randomly. The Vidicon 
was therefore ruled out  as too slow for  this application. 

The image-dissector tube was available  and seemed  ide- 
ally suited  for our particular  application.  It  has  unique 
non-storage characteristics  and  can  be  randomly  scanned.  Its 
output voltage is proportional to  the  light  hitting  the  face of 
the  tube.  The  output is also  independent of scan velocity. The 
camera chosen has an image dissector tube with  a cathode  44 
mm in diameter.  The  center  645  mm2 of the  tube, called the 
handler, is used in conjunction  with a 1 x lens to  capture a 
unit area of the  PCB  layer  image. By stepping across the 
surface  and  capturing  these  unit  areas  at  each step, the  entire 
area of the board surface  can  be  examined. 
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Figure 3 shows the sensitivity characteristics of the  image 
dissector. It  clearly  illustrates why the  570-nm  thalium 
iodide  light  was  chosen. The  light reflected from  the  product 
strikes  the  face of the  tube  and is amplified, thereby  causing 
an  output video voltage. A particular spot may  be  examined 
by applying  currents  to both the x- and y-deflection yokes of 
the  camera.  Typical  gain exhibited by the  tube is 5 x lo5  at  
10"' A. 

The x- and y-deflection currents  are originally  in digital 
form  obtained  from  the  same  data  base  from which the glass 
master is created, called part-number data.  Part-number 
data basically provide locations of features  to be scanned and 
use up  to 1.5 megabytes of memory  per  panel side. Data for 
part  numbers  are  stored in the plant's manufacturing  data 
base and  can be accessed when needed and stored  on the disk 
file of the host computer. 

The system operation involves registration,  unit  area scan- 
ning, comparing  scanned  against  part-number  features, 
recording errors, if any, for later  operator inspection, and 
board  indexing to  the next unit  area where the  registration, 
scanning, etc., are  repeated  until  the  entire  board  surface  has 
been examined. Error detection is accomplished  using  a level 
detector which is armed by software before each  scan.  The 
video voltage of the  features being scanned is compared  to 
the reference level set by an  algorithm in the software. When 
triggered by an  error on the  board,  the level detector 
interrupts  the  computer, which then records the x-y  location 
of the  error. 

Control compensation and correction 
The physical properties of the  board,  as well as  the electron- 
ics and optics of the  test  system,  introduce a number of 
distortions. The  magnitude of these distortions contributes 
enough error  that it is difficult to use the  raw design data  to 
find features on the  board without appropriate compensation 
and correction. Fortunately,  all of these  distortions in the 
product and  tester  can be approximated  as  linear functions. 

After  the  board is exposed and processed, it  shrinks 
slightly  across its width and  expands slightly along  its  length, 
on the  order of 0.1 mm. Therefore,  it no longer matches  the 
original data. A linear coefficient of expansion is added  to 
the positioning data of the x-y table  that is used to move the 
product. This  correction is added  to both x and y and is 
multiplied by the  distance  from  the  center of the  board  to  the 
feature. 

The next correction is to fit the  camera  image  to  the 
original data.  The  camera  introduces a small  but significant 
amount of nonlinear  distortion to  the video image of the  part. 
This nonlinear distortion  cannot be corrected electronically 
in any simple manner.  The first step in correcting  this 
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Figure 3 Typical  image  dissector response curve. 

distortion involves dividing the  645-mm2  handler  area  into a 
mosaic of 25  equal  parts, called partitions. These  smaller 
squares have been found to include  a piece of the  distorted 
image  small enough that  the distortion in each  small piece 
can be approximated linearly. A linear correction is then 
made with software on each of the 25 parts (see later 
discussion). 

The final  corrections  for rotation, offset, and  linear  dimen- 
sional errors  due  to slight variations  from  board  to  board,  and 
the fixturing of the  tester, etc., are accomplished  in the 
electronics of the  camera control unit  (CCU).  Actually,  the 
board is scanned  concurrently by two image dissector cam- 
eras  to increase tester  throughput,  and  there is one  CCU for 
both cameras.  The  CCU consists of an IBM Series/l com- 
puter  and custom-designed digital electronics which per- 
forms the  real-time  correction,  as discussed in greater  detail 
later. 

All of the compensations and corrections to  adjust  the 
original data  for use  in  driving the  camera  to  the specified 
features  are accomplished by the  CCU.  The original data  are 
kept intact in the  manufacturing  data base. Figure 4 summa- 
rizes the  entire distortion  correction process. 

Camera distortion corrections 
Of  all  the investigated  electronic and  optical distortions to 
the  image of the  board,  the  camera was  found to  be a major 
contributor; it  was  also the most interesting  to  compensate 
for. The  image  area or handler was  divided into 25 partitions 
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These 81  differences are applied to a  least-squares, best-fit 
equation,  and a linear  approximation of that  partition is 
generated. 

and contraction of the board 
Linear compensation for expansion 

during manufacture 

Correction  for  distortion 
of the camera 

the video image of the 
"Rotation-translation" of 

to dlstortiona in any 
board to fit the data 

particular board 

1 
1 x-! drive to  the 

camera  coils 

Figure 4 Transformation of design data into camera x-y drive-coil 
current flow. 
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Figure 5 Power plane  inspection illustrated. The plane is stepped 
under the camera using an x-y positioning  table.  Four hole positions 
selected  from the design data are then used for registration  adjust- 
ments.  Compensation  coefficients are calculated and then  applied to 
all 25 sectors in a handler area. The  handler is then scanned and 
tested  using  the  power-plane  models,  and errors detected are 
recorded for later use in human  verification.  The  plane is then 
stepped to the next handler  position,  and the process  is repeated until 
the whole  plane  has  been scanned. 

because  it was discovered experimentally  that 25 was the 
smallest  number of sections that will yield an  acceptable 
linear  approximation of the nonlinear  distortion in the sys- 
tem. 

Using  a 0.635-mm precision grid pattern exposed on glass, 
called  a calibration glass, linear corrections are derived as 
follows. The  exact location of each intersection on the 
calibration glass is known with a certainty of 25.4 x 
mm. For  each 25.81 mm2,  the  camera  scans  and locates 81 
intersections. The location a t  which each intersection is 
found is subtracted  from  the  true location of the intersection. 

The  same  procedure is repeated for the  remaining  parti- 
tions for both x and y ,  and 25 sets of equations  are produced 
and associated with their corresponding partitions of the 
handler.  They  are saved and applied to  the compensated 
part-number  data whenever the  camera is scanning  within  a 
given partition. For  every handler  scanned, regardless of the 
part  number  or product  type,  these  corrections are used. 
These compensations are only changed when the  camera 
tube is moved or changed, or when the electronics drifts. 

Board distortion corrections 
Another  type of distortion which needs compensation is the 
difference between the idealized board  feature  coordinates 
and  the  actual  board  coordinates  due  to environmental 
effects. The expected coordinates  are  adjusted by means of 
rotation  and/or  translation.  This correction is needed 
because of slight variations  from  board  to board of the  same 
part  number  and  the  fact  that  the  image  rotates  as a  function 
of light  intensity. These distortions are, for the most part, 
linear.  Three types of feature distortions are  compensated 
here: 1)  enlarged or reduced features, 2)  wrong  angles, and 
3) off-sets. 

The  digital electronics of the  rotator-translator in the 
CCU adjusts  the video image for all  three of these distor- 
tions. The  machine finds the  actual or corrected location X', 
Y' of several features in the  handler.  It  then  compares  these 
locations to  the locations specified in the raw data for the 
same  features.  The differences between the given locations 
from  the  raw  data  and  the locations where  the  features were 
actually found are put into a  least-squares, best-fit equation 
which produces six coefficients A ,  B, C, D, E, and F, where A 
is the X magnification, B is the X rotation, Cis  the X offset, D 
is the Y rotation, E is the Y magnification, and F is the Y 
offset. 

These six variables, along with the original X and Y, are 
put into  the  hardware  and  mathematically  operated upon in 
the following manner: 

X ' = A X * B Y + C ;  (1) 

Y ' =  * D X +  E Y +  F. (2) 

The  rotation-translation  calculation could  have  easily 
been done in the  Series/l  computer,  but  the  Series/l is not 
fast enough to perform the  board test  in  a reasonable  amount 
of time.  Instead,  the CCU was  outfitted with high-speed 
logic circuitry  that does the  addition,  subtraction,  and  multi- 
plication. One complete set of ( X ,  Y ' )  calculations [Eqs. (1) 
and  (2)]  can be executed and  sent  to  the  camera coils in 11 
M .  
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Fast  transfer of data  from  the  Series/ 1 located in the CCU 
to  the high-speed logic circuitry is made possible by a  special 
direct-memory-access attachment  card in the  Series/ 1. Once 
the 25 X' and Y' equations  are  set  up for  a given handler,  the 
x-y position data  are applied to  the corresponding equation 
for the  partition  under  test.  When  the x-y position data for a 
given handler  are  exhausted,  the  test goes to  another  handler. 
The  entire  rotation-translation process is then  repeated  and 
new coefficients are  generated  (Fig. 5 ) .  

Thus  far,  all  the corrections  discussed  have  been made  for 
the location of features.  It  turns  out  that  the  light  and video 
signals  also require corrections.  A  voltage reference, men- 
tioned earlier,  must  be established and  the non-uniformity in 
gain across the  face of the  tube needs compensating. In each 
handler of the power plane, four  features  are selected to use 
for registration.  These four features  are also  used to set the 
voltage reference levels for the  handler. 

Each  registration  feature is scanned across in 19 places, as 
illustrated in Fig. 6 .  About half of the  19 observations  fall 
within the  feature, while the  other half fall  outside  the 
feature. A video voltage level is noted for each of the  19 
points. The points outside  the  feature should fall on copper, 
and  thus should present comparatively  high video levels. The 
points  within the  feature should fall on dielectric,  and  thus 
should  present  relatively low video levels. The  reference level 
cer is set with 

where a is a programmable  constant, usually  between  0.3 
and 0.5, Vhi is the  average of the  four highest  readings, and 
V,, is the  average of the two lowest readings. This  formula is 
used because it was  found to  set a level that minimizes false 
errors, yet finds defects 25 pm wide or greater. 

Just  as in the  optical distortion of the  handler  area,  the 
image-dissector tube does not exhibit uniform gain over its 
entire  scannable  area.  The  gain  drops off as  the  distance 
from  the  center of the  tube increases. Also, the  light source 
does  not  deliver entirely uniform light. If these properties 
were  not compensated for, the  test sensitivity would not be 
uniform over the  entire  scanned  area.  Therefore, a procedure 
was developed to  compensate for these distortions. 

A uniform reflective surface is placed under  the  camera 
and is illuminated  exactly  as if it were the  product  under  test. 
For each  partition, 400 points are  sampled  and  the video 
voltage of each point is normalized  with  respect to  the  other 
399 points. The  average video level for each of the 25 
partitions is compared  to  the  partition with the highest video 
level and is expressed as a percentage of the video level of the 
highest partition  (normalized  percentages).  The  reference 
level for each  partition is then  adjusted by multiplying  all of 

Figure 6 Power-plane  hole  scanned in 19 places  for setting a video 
reference level. 

the  percentages by a typical  reference value, as derived from 
the  registration  algorithm.  The resulting  compensation val- 
ues for non-uniform gain of the image-dissector tube for each 
of the  partitions  are  then used to  maintain  the video voltage 
sensitivity and  the effectiveness of the  total  test  constant. 

Registration and testing 
Testing of the product must  be divided into two distinct 
categories because power distribution layers are tested  dif- 
ferently  from signal  planes. Testing of power planes  consists 
of checking the inside of via holes for  extraneous  copper, 
whereas  testing of signal  planes  consists of checking  pads and 
lines  for shorts  and voids. Both tests need to be registered 
each  time  the  test  area is indexed  across the board surface. 

Registration 
Registration involves the location of a number of specified 
features in the given handler (e.g., four holes for power 
planes). The differences between where these  features  are 
actually found and  the given data  are used to  arrive at  a 
new set of transform  equations.  Equations of the  form 
(AX k BY k C )  and (+DX + EY + F )  are combined with 
the  calibration  transform  equations (1) and (2) for each of 
the 25 partitions  and  are  then used to  test one handler of the 
product. 

For power plane registration, one is first concerned  with 
finding the  centers of four selected holes in each  handler. 
Geometrically,  the  center of a circle is the intersection of the 
perpendicular bisectors of any two chords of a  circle, as 
shown in Fig.  7(a).  Registration is done at  45', with the 
chords  mutually  perpendicular  to simplify the  mathematics. 
The inside of the hole is scanned  until  four edges are found. 
These  four edges  define  two mutually  perpendicular chords. 
The  center of each  chord is found and  the  equation for the 
perpendicular bisection line is generated.  The  center of each 
circle is found by simultaneously solving the  equations of 
both  bisecting  lines  for X and Y; see  Fig. 7(b).  After  the 
corrected  center is found,  it is used to  do  another  registration, 
this  time in smaller  increments, resulting in a more accurate 
location  for the  center. 55 
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need be  done on only four of the  many  features in  a handler 
area,  and  testing of the holes in the  handler  can  continue 
thereafter. 

(a) 

Figure 7 (a) Locating the center of a circle. (b) Locating  the 
center of a circle with  coarse (--) and  fine (---) resolution. 

Figure 8 Registration of a  printed-circuit line. 

Figure 9 Power-plane hole model;  dashed lines represent  feature 
scans. 

The final four  centers found  in  a unit  handler  area  are  then 
compared  to  the original test  coordinate  data.  The differ- 
ences are used to find a least-squares solution  for the 
coefficients A-F. The resulting coefficients are  substituted 
in the  registration equations, which are combined  with each 
of the 25 calibration  equations. In this  manner,  registration 56 
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Registration of signal  planes is done in a very similar 
manner.  As shown in Fig. 8, four  scans  are done. Scans 1 and 
2 locate  two edges from which an  x-center  coordinate is 
found. Scans 3 and 4 locate  the y center.  Again, these data 
are  compared  to  the  test  coordinate  data  and  are used in a 
least-squares fit to find coefficients for the  transform  equa- 
tions. As before,  this  method eliminates  the need to  register 
on every feature in a given handler  area.  Once  registration is 
accomplished, the  product is scanned using feature models. 

Error detection 
A feature model is simply  a  set of camera scan commands 
that  can  be applied to a given feature (hole,  line, pad) on a 
board. After  registration  determines  an exact reference 
location of a feature,  the  tester  data  calls  out  the  appropriate 
model for the  feature  and applies  it. 

For  example, on a power core, the hole size of each hole is 
known from  the original data used to  make  the glass master. 
The  tester uses the  same  data  for  the model of the hole, which 
consists of two circular  scans close to  the inside edge of the 
hole drawn  about  the  corrected hole center  as  determined by 
the  registration  procedure  (Fig. 9). Since  the  scans  are inside 
the hole where no copper  should be present, the level detector 
is set to  detect  an  error if the voltage from  the  camera 
received while scanning  the inside of the hole exceeds the 
previously described reference level. Because the holes on a 
given power plane  are virtually identical in size, the  same 
model can be used for each hole. Basically, the hole model 
draws a  circle of a given size about  the  center of the hole. For 
a 1-mm-diameter nominal clearance hole, two scans  are 
made,  one with a 97% diameter  and  the  other with an 85% 
diameter  about  the  center of the hole. For a  typical board 
with some 30 000 clearance holes, it  takes  about five minutes 
to inspect one side. 

For signal  planes,  models of lines, jogged  lines a t  4S0, and 
pads  are available to  scan  feature  edges for protruding 
copper and  about  feature  centers for voids (Fig.  10). A  line is 
scanned  along both  edges, looking for protruding  copper,  and 
along its  center, looking for voids. Using  other models, each 
land and pad can be checked for  shorts  and opens (Fig.  11). 
Just  as in the power-plane  hole-registration operation, cor- 
rection coefficients are  calculated  and  these  are  then applied 
to  the original coordinates of feature-location  data  to find the 
positions of the  features on the  scanned  board. For  a  typical 
board,  this  takes  about fifteen minutes per side. 

Conclusions 
The  printed-circuit  boards used in the IBM 3081 presented  a 
real challenge  to  the  test engineers. The expense of building 
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Figure 10 (a) Model for a signal  pad. (b) Model  for a printed-circuit jogged line. (c) Model  for a printed-circuit straight line.  Dashed lines 
represent feature scans. 

this multi-layer  PCB  has  dictated  the  testing of individual 
printed-circuit  and power-distribution  planes  before lamina- 
tion. Because the individual  signal  layers are  made using a 
woven fiberglass substrate,  environmental influences can 
cause these layers  to  expand  and  shrink.  This leads to  an 
uncertainty of position which makes  contact  testing difficult 
if not impossible. Manual inspection of these printed  circuits 
is too expensive and is also very tedious. What was needed 
was a fast, effective automatic  test system that would 
examine  interplanes for shorts  and opens  optically. While we 
do not go  into  the cost  justification of the system in this 
article, with the desired throughput  the system  described 
costs little more than half as much as  the  annual cost 
estimated for a  purely manual  (human) inspection system. 

The system has been very effective on process defects  for 
which it was designed. It locates all  defects on power 
distribution  layers with  a greater  than 92% accuracy.  These 
interplanes  are  made by using a subtractive  etching process, 
which results in reasonably  well-behaved  defects. 

Testing  printed-circuit layers made by an  additive process 
has been a  more  complex  task  because of the types of defects 
encountered (e.g., dishdowns,  neckdowns). For example, if 
there is only vertical  thinning of lines and  this  thinning does 
not extend  to  the  dielectric  surface  (as in dishdowns), the 
error is not silhouetted by the dielectric and no positive 
contrast is detected. In order  to  capture  these defects, the 
system's sensitivity  needs to  be increased. When  this is done, 
a large  number of false  calls are  made,  thereby  requiring 
every defect called out by the system to be verified manually. 
Defects due  to  subtractive  etching processes are found with a 
much lower false-call rate. 

Since  other systems  investigated also depend on contrast 
to find defects, they would not detect dishdowns either.  This 
type of defect  requires ways to increase contrasts in the 
product and also, possibly, new ways to process incoming 
video signals. 

Our method  does  have the  advantage over other systems in 
that it can test  not only printed-circuit  and power interplanes 

Figure 11 (a) Complete feature for  models to scan. (b) Dashed 
line illustrates feature scan as used on TCM board  signal planes. 

but also the glass masters  that were used to  create  the planes 
themselves. These glass masters  can have  mislocated fea- 
tures. Part-number  data,  as used in our system,  are required 
to  detect  this  type of problem. This results  in  finding defects 
before large  numbers of PCBs with misplaced features  are 
manufactured. Our system is also quite flexible. As configu- 
rations of features  change with the evolution of the  product 
(different hole sizes,  pad  styles,  etc.), it is a  simple matter  to 
change existing models or create new ones. 

In today's  electronic environment,  the  trend is towards 
more  and  greater  miniaturization. As this occurs, contact 
testing of printed circuits becomes increasingly difficult. 
New  and  unique  methods of non-contact testing  must con- 
tinue  to be developed. As features become smaller,  testers 
may use  systems which utilize electron-beam or non-visible 
optical wavelengths  for the detection of defects. The  test 
processors will continue  to  get "smarter." Use of digital 
image processors and  better  computers should yield even 
better results [7- lo]. 

The  test system  designed is applicable  to inspection of 
ceramic  substrates, masks, and x-ray  images. In  fact,  it is 
flexible enough to be used on any  surface on which specified 
features with a given contrast  from  the background can be 
found. 57 
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