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ABSTRACT

Inexpensive memory and fast processors have made it feasible
to build binary matching inspection systerns capable of very high
measurement precision that operate ai near-camera speeds. While
the limitations of binary inspection are well known, its performance
and cost advantage can be very large in situations in which it can
be applied. When binary matching inspection systemns are designed
and when they are purchased and installed by end-users it becomes
absolutely essential to understand the numerous sources that con-
tribute to measurement. error. That makes it possible to make pre-
cise statements about the accuracy of components whose tolerances
they are used to certify.

This paper considers quantitative precision issues for the in-
spection of strictly 2-dimensional objects using line scan cameras
that integrate while the workpiece is in motion.

1 INTRODUCTION

Binary matching systems are commonly used for industrial
inspection because binary algorithms are among the most robust
available for vision (Reirhold and VanderBrug, 1880). The match-
ing procedures themselves are straightforward, and with clever
hardware and algorithm design, matching can be done at near-
camera rates by standard microprocessors. For example, in one sys-
tem being designed by ICRA (Alterswil, CH), a Compag Deskpra
386 computer is targeted to match 6,912 x 12,000 pixel images
in roughly 30 seconds, which includes & scan time of roughly 10
seconds. The other aspect of binary matching that makes it so at-
tractive is price. Since high performance can be achieved at modest
price it becomes feasible to consider automatic 1nspect10n in man-
ufacturing stations where the payoff is marginal.

One of the major problems faced by industries secking to em-
ploy antomatic inspection devices is that the field of automatic in-
spection is so specialized.  Industries have difficulties understanding
the performance and behavior of commercially available inspection
devices unless there is a resident staff trained in the technology.
Even then, the process of understanding a problem and its possi-
ble solutions is frequently a black art. Binary inspection devices
have the greatest chance of being made into a standard off-the-shelf
product because of their conceptual simplicity. However, this is de-
ceptive. There are a large number of factors that can make binary
mspectlon extremely difficult even when pattern and background
can be successfully separated by a simple threshold. Tt is absclutely
essential to obtain an understanding of these factors in order to be
able to make guarantees about the quality of workpieces that sur-
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vive inspection, and it is the purpose of this paper to discuss the
sources of error in the matching process and to investigate geometric
errors in detail.

The model for binary matching systems discussed in this paper

is illustrated in Figure 1. A workpiece in its production environment

is moved synchronously with a line scanning camera. When the

-workstation is initialized, a reference workpiece is first scanned by

the system, and the resulting image is binarized and stored. Next a
design system is used to generate a don’t care or DC image, which
is a binary mask that specifies which pixels are to be ignored during

matches without cansing a rejection of the workpiece. Subsequent

workpieces are scanned and compared with the reference, and any
mismatches outside the DO mask initiate rejection. The DC regions
are also used for a second purpose that is crucial to the inspection
system. DC pixels are distributed on both sides of each objeci edge

to reduce the sensitivity of the system to noise and to control the
.decision parameters of the system.

This type of system relies on a fixed threshold, rather than on

‘a scene-dependent threshold. This makes it possible to reduce the
data rate from the camera, which may be 5 to 10 Mpixels/second
if sufficient scene illumination can he provided.

It is unrealistic, especially in high resolution systems, to expect

‘that workpieces can be mechanically positioned to sufficient aceu-

racy. Consequently, after a workpiece is scanned, a reference mark
on the workpiece is located in the image, as shown in Figure 1, and
compared with an identical one on the reference. This is used te
align the reference image with the workpiece before the matching is
done,

2 ERROR SOURCES

There are a large number of error sources for binary inspec-
tion systems of the type deseribed in the introduction. Although
this paper deals primarily with 2-dimensional geometric problems,
other errors arise from the fact that most scenes are not strictly

two-dimensional and from thresholding problems, including drift,

illumination, and threshold instabilities in the imaging system. In
this section the nature of these problems is explored and related to
accuracy of measurement.

2.1 STATIC or LONG TERM PROBLEMS

Many inspection difficuities are caused by problems with illu-
mination, and frequently binary inspection is selected even though
operating conditions make it marginally applicable. In order to
avoid long term deterioration of performance, it is important to
understand the factors that contribute to the difficulties of binary
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Figure 1 - Inspection Station

vision. Binary inspection systems usually function with one or mul-
tiple intensity thresholds that segment the test image into regions.
Threshoiding may be done at the camera to minimize data trans-
mission rates, or it may be carried out in the vision processor to
provide greater flexibility in the vision algorithms. However, the
reliable and repeatable segmentation .of a scene is extremely sen-
sitive to illumination conditions, scene reflectivity, and electronic
stability.

Let us assume that a vision system such as that shown in Fig-
ure 1 is Hluminated hy a source of intensity Jo(A), where X is the
wavelength. Then at the detector, the response will be proportional
to

I(3) = K(NR()S()

where R(}) is the scene reflectivity and ${4) is the camera sensitiv-
ity. The human visual world is one that is primarily lluminated by
diffuse light and dominated by the spectral sensitivity characteris-.
tics of the human eye. In machine vision, the lumination source
is rarely diffuse, and because of the semsor characteristics, the de-
tector response may not coincide with what is seen by the human
observer. Finally, the eye is incredibly tolerant of poor image con-
ditions, with the result that there is remarkably poor perception of
local behavior of I;(2) and R{)).

The most importé.nt aspect of I{}) is the contrast of a fore-
ground object in comparison with other cbjects and with back-
ground. Contrast may be defined as
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where I.. is the maximum intensity of a region and I, is the
maximum. intensity of all the other regions darker than the one of
Interest. In Figure 2 it can be seen that in order o minimize the
sensitivity of position to changes in threshold, the threshold should
be set at the maximum slope point of the edge profile. Gne way to do

this is to maximize C by maXimizing A7 = Iz —Luin. Ultimately, an
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Figure 2 - Region Contrast

unstable threshold is the root of many of the difficulties in binary
inspection; it may cause edge position shifts or, in sericus cases,
complete segmentation failure,

2.1.1 Stability

Over long periods of time it is common for Hght sources to
change intensity as well as spectral composition. Any change in
illumination is equivalent to 2 change in threshold, which causes an
error in dimensiona} measurement. The threshold itself is subi ject to
drift, which has the same effect. Even if power level is held constant,
a spectral shift may cause changes to J(A} at wavelengths that are
crucial to inspection.

2.1.2 Workpiece Changes

As inspection continues over long production rusns, manufac-
turing materials may change in ways that seem insignificant to the
production engineer while being visibly different to the inspection
system. This may cause major changes in the behavior of the in-
spection system that are not noticed by the quality control ssaff,

2.1.5 Lighting Anomalies

It is notoriously difficult to achieve uniform illumination over
wide inspection areas. Even fiberoptic line converters have output
that is spatially variant by several percent, and photo arrays exhibit
similar behavior. Therefore, even though materials may be abso-
lutely uniform across the field of view, the threshold in different
parts of the field may be set at different points on the edge profile,
preventing the setting of a uniformly optimal threshold. Tn severe
cases, this may even prevent adequate region segmentation.

Another cause of lighting difficulty is specularitv. If point Light
sources are used to illuminate specular surfaces, the amount of light
reflected into the camera lens will vary across a scan hine. This may
have the effect of changing the contrast across a scan line and con-
sequently the relative position of the threshold in the edge intensity
proﬁle As before this prevents optimal threshold setting for all the-
image regions, with the resulf that the dimensional measurements
will be susceptible to threshhold variations.

2.1.4 Physical Disturbances

During inspection, physical disturbances to the inspection ap-
paratus, even though minor, will alter the svstem performance. For
example, vibration, shock, or temperature changes may alter the
physical alignment of system conponents. Smoke, accumulated dirt,
or reflections from objects in the vicinity can cause performance
changes




2.2 DYNAMIC PROBLEMS

In this section the effect of short term random threshold vari-
ations is examined in combination with the effect of the continuous
state of motion of workpieces normal to the camera scan direction.
The development here demonstrates the importance of the difficul-
ties described in Section 2.1. Unlike long term drift problems, these
cannot be solved by frequent rescannning of the reference workpiece.
Let us assume that the point spread function for the stationary cam-
era is a perfectly uniform d x ¢ square region. Then Figure 3 shows
the psf in the scan and motion directions together with the edge
profiles obtained by convolution with an ideal step edge. As before,
let AT =1, — I.;n be the numerator of the expression for contrast.
In the horizontal scan direction, the sloped region of the edge profile
is given by

I(z) = Inin + AI(3/2 - 2/d),  ~df2<z<df2,

and in the vertical motion direction, the sloped region is given by

Hg) = { Imin T AIG &= £7), ~d<as0;
Imin+AI(%—%+%{T), 0<r<d

Superimposed on the profiles ane may visualize a sequence of
sampling points spaced regularly at distances d apart. The max-
imum slope of the edge profile oecurs at I, + AT/2, and because
of the symmetry of the profiles, only the upper regions need be ex-
plored. First consider a small perturbation & about the threshold
T; for the first profile. Setting I(z) = L + T + 6 and solving for =z
one obtains

d_dn di

T2 Al AT
and

8z d

as A

so that the edge shift for small changes in threshold s independent
of threshold and inversely propostional to contrast. In the case of
the second profile one obtains

———
$=~—d+d\/2—%{Tg+5}
and
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which now depends on T;. Figure 4 shows that the edge shift for the
vertical direction is minimized at the maximum slope point. In the
motion direction, edge shift due to small threshold perturbations
increases dramatically as the threshold increases. However, under
a reasonable imaging environment, the results shown in Figure 4
demonstrate that the vertical ohject motion alone is not a serious
contributor to measurement error.

Any flatiening of the edge profile reduces the edge slope and in-
creases the errors that occur due to random variations or drift in the
camera threshold. The major source of error, especially for higher
resclution sensors, is optical degradation. The same threshold per-
turbations shown in Figure 4 can easily affect geometric accuracy
much more significantly than motion blur. This is a Imajor reason
why it is absolutely essential to use top quality optics in the imaging
system.

v
v

Figure 3 - 1D Camera Response (top)
and Corresponding Edge Profiies

2.3 THE 2D FALLACY

BEven when binary inspection is applied to scenes that are as-
sumed to be flat, relative to the dimensions involved, this is rarely
the case. For example, integrated cireuit chips usually have curved
edges, which means that the light refiected from the chip edges
may appear vastly different from that reflected from the top sur-
face. This may have the effect of & significant flattening of the
edge profile, which would make dimensional measurements of chip
dimensions vulnerable to threshold variations. Lighting must be
carefully designed to avoid the defocussing of edge profiles.

In the case of PC board inspectior, even the conductors some-
times need to be treated as 3-dimensional. Light may be scattered
from the edge boundaries of the conductors, again spreading out the
edge profile. 1t is alsc necessary to remember that all non-planar
objects are capable of casting shadows, and the smaller the ob jects,
the more imperceptible to the eye these effects will be. Again, unless
illumination and imagling are done correctly, threshold instabilities
will lead to significant geometric errors.

3 2-DIMENSIONAL GEOMETRY

In this section the major results of the paper are derived. Even
though & binary inspection system may have perfect optics and sta-
ble thresholds, the resolution of the digital camera system imposes
rigid limits to the precision with which the nspection system can
function. These imitations are examined here in. detail.
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Figure 4 - Threshold Variation




3.1 PERFECTLY REGISTERED WORKPIECES

To introduce the problem, Figure 5 illustrates the pixel level
detail of a single scan line across a vertical edge boundary. Suppose
that the camera is ideal and that the threshold has been adjusted
so that a pixel turns dark when an edge obscures just over 50%
of its active area. If pixels 1-5 are light, then the ambiguity § in
the location of the physical edge is exactly 4, the distance between
pixels in the imaged scan line. I there was no use of don't"care
Tegions so that the intensity transition was required to occur exactly
between pixels 5 and 6, then the system would guarantee rejection
of workpieces that deviated by an amount exceeding o = d from the
reference workpiece. However, the system might also falsely reject
workpieces that differed by ap amount «, for any 4 < ¢ < 0, depending
on the actual location of the reference edge in the edge ambiguity
region. Since in this case rejections would be uncontrolied, the DC
regions are required to ensure that good workpieces are accepted.

Figure 5 also shows the tolerance region that would result if
In the
following discussion it is assurned that DC pixels are assigned sym-
metrically to edges, with P DC pixels on each side. With P = 1, this
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Figure 5 - Basic Tolerance Computation

pixels 5-6 were defined as don™ care pixels, le., P = 1.

Pixels

configuration would guarantee rejection if the test edge location dif-
fered from the reference edge location by an amount greater than
o =2d, and false rejection could not oceur if the deviation was less
than # = d. Thus there is a region of ambiguous behavior of width
d, within which the actions of the inspection system are indetermi-
nate. For the I-dimensional case where there are 27 DC pixels at
edges, it can be shown that

a={P+1)d
p=Pd

where o is the threshold of guaranteed rejection and § is the thresh-
old of guaranteed acceptance. The region of indeterminate behavior
has width o~ § =4 = 4, independent of the DC regions.

Looking next at a slightly more complicated case, a similar
computation can be performed for the diagonal boundary shown
in Figure 6. The edge ambiguity region ¢ for the reference edge is
slightly smaller by a factor of v3/2. When P = 1, the pixels inter-
secting the ambiguity region become the don’t care pixels, and the
tolerance region is extended diagonally by & distance dv/2/2 in each
direction so that the guaranteed acceptance and rejection thresholds
are

o= (P +1}dv2/2
B=Pavip

with a corresponding region of indeterminate behavior of width o —

B=35=dyz/2.

Tolerance, P=1

Figure 6 - Diagonal Tolerance Computation

There is a fundamental difference, however, between the com-
putation illustrated in Figure 5 and that i Figure 6 whieh explains
this curious resuit. The first computation is based on the assump-
tion of & very short edge of length d, while the second computation
relys on the fact that the edge is straight and long. In order to deal
with edges that lie between vertical and diagonal, it is necessary to
distinguish between what are referred to ag long edge models and
short edge models because they produce very different resulis.

Figure 7, which shows.edges at a small angle # from vertical, is
helpful in deriving the general results. First, we have the relations

L=dcoté
E=dcscé
r=dcosh

-where L is the vertical distance traversed by an edge as it moves
one pixel horizontally. Then

is the number of pixels traversed by an edge as it moves one pixel
borizontally. Then in the long edge model

(1e}

Figure 7 - General Computation




is the normal distance an edge must move before at least one pixel
changes intensity. § is the ambiguity region in both Figures & and
6. Then we also have that

@ = (Pz + ) = d(P cosf + sin §)

B = Pdcosé (18

which vields the correct results for the diagonal edge in Figure 6,
provided the edge Las length at least E = deacé. However, the region
of indeterminate behavior is zlso § » which approaches zero as # — gl
"Thus it will be assumed that the long edge model holds if £ > desc .

In the case of the short edge model when E << dese ¢, one of
the regions is considered to be a thin filament normal to the edge
boundary. This is illustrated in the right hand drawing in Figure 7.
Pixels in this filament are either horizontally adjacent or diagonally
adjacent; at ¢ = 0 they are all horizontally adjacent, and at § = n/d
they are all diagonally adjacent. This gives rise to the corresponding
limiting cases 6 w0

6 =dcosf
a; = (P+1)dcosh {2a)
B1 = Pdcosd

and f s x/4

b2 = d(cos § + sin f)
az = (P + 1)d{cos f - sin ) {25}
B2 = Pd{cosf + sin §)

which are consistent with the results obtained from F igure 5.

Equations {1) govern the case where the workpieces to be in-
spected are known to have long edges that are guaranteed to be
siraight but which are possibly out of tolerance or in the WIOng
place. In general, straight edges cannot be guaranieed, and the
short edge model deseribed by Equations {2) must be assumed.
The worst case occurs for diagonal edges, for which § = dv/3.

To complete the resuit, one must remember that for a general
object under inspection, the short edge model and the long edge
model may hold for different parts of the object. For specific meéa-
surements one can of course lock at specifie pixel configurations to
détermine which model applies. However, for overall performance
figures, one must take @ to be the maximum of the values in Equa-
tlons 1 and 2 and $ to be the minimum of the values in Equations
1 and 2. Thus the overall result for perfectly registered workpieces
are

a={P+1)dv2
8= Pdv2/2 (3)
=o-f={P/2+1)d/2

- In Equations 3, the mmimum vaiue of 8 is attributable to the
long edge model, and the maximum value of a 18 attributable to
the short edge model, both in the case of diagonal edges. While

one cannot improve worst case performance, average performance :

can be improved by increasing the value of P chosen for nearly
dingonal edges that meet the length requirement for the long edge
model. Table I gives the worst case results from Equations 3 for
‘P=1,. -8 To set up the inspection system the procedure would
be to determine acceptable values of o and § and then to pick a
value of P from Table 1. Then the DC mask would be edited to
place P DC pixels on either side of each region boundary. Notice
that the DC pixels can be placed on the DC mask by the very
-simple procedure of locating intensity transitions in the horizontal

P o B S

2.83 71 ] 212
424 | 141 283
566 | 2.12 | 354
7.07 | 283 | 4.24
849 | 354 | 495

N AWM o

- Table 1 - Worst Case Performance (Pixels)

and vertical directions alone and marking P pixels on either side of
those trausitions.

3.2 IMPERFECTLY REGISTERED WORKPIECES

When dealing with exiremely high precision it is generally

physically impossible to place workpieces into positions of known
registration with the reference workpiece. Therefore reference fea-

tures are extracted both from the workpiece and from the testpiece
to determine the degree of offset between them. Unfortunately this
introduces another source of error. ‘

Consider the 1-dimensional case illustrated in Figure 8. At the
timne the reference image is scanned, the edge position isin the range

b+ d/2 and the reference mark is located in the range #; + 4 so that

the distance between b and =, is in the range mg = rg — b o (d/2 4 4).
All measurements in the reference workpiece and in the test piece
are made with respect io the reference mark, Before matching takes

place, the two images are shifted so that the corresponding refer--

ence marks are aligned as closely as possible. Let us suppose that
when the workpieee is matched, the edge appears to be in the same
location as before, that is, the light and dark pixels in the reference

image maich exactly with those in the workpiece. However, the ref- .

erence mark is located in the range r, ++. Then the corresponding
workpiece dimension is in the Tange my = r1 — b (d/2 + 4} and the
maximum measurement difference is jm; — myl = fry ~ rgl + {d + 29).
However, the matching procedure involves shifting the relative posi-
tions of the two images by an integral number of pixels to minimize
the difference |r, —ry|. Then the maximum possible error magnitude

when rs and r; are both rea) is d;/2+{d+ 2v). Since d is associated with
the matching error discussed in Section 3.1, the error attributable

to the reference shift is ¢ = d/2 + 2.

Considering these results, thers are two possible ways for using
the reference marks. If ro and r; are real numbers and the subpix-
elation procedures used are extremely accurate so that 4 & 0, then
the maximum error approaches « ='df2. On the other hand, if no
subpixelation is used so that ro and r; are always integral, then
7 = d/2, and the maximum error is ¢ = 4. In two dimensions, since
the horizontal and vertical shifts may each be off by ¢, then the
possible error for an edge at an angle ¢ from vertical is esec#, where
0<6< /4

The actual matching process on the aligned images is the same
as befere, exeept that the actual alignment may be off by esect.
Equations 1 and 2 are modified by adding this amount to all o values
and subtracting it from all 2 values. Noting that the extrema still
oceur for diagonal edges, Equations 4 give the new error bounds,
and these are tabulated in Table 2 for the worst case when there is
no subpixelation, that is, when ¢= d.

o= {P+1)dvT+d
B=Pdv2j2-4 {4)
do= o= = (Pf24 1)dy/2 + 24




Figure 8 - Positioning Ambiguity

o B &
4,24 X X
5.66 0.00 5.66
707 | 0.71 6.36
8.49 1.41 7.48
890 | 212 7.78
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Tablez - Worst Case Performance (Pixels)
with Offsets and no Subpixetation

4 CONCLUSIONS

Many of the problems affecting measurment accuracy of binary
inspection systems have been examined from the point ot view of
worst case performance, and Beometric issues have been treated in
depth. The conclusion is that binary inspection systems used for
dimensional measurement mms: be designed with extreme care and
call functior only in carefully controlied environments, Camers.
resolution requirements may be considerably higher than one might
expect. More work is necessary to characterize and quantify the
various types of errors.
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