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ABSTRACT
NON-CONTACT SURFACE INSPECTION

Raymond Y.M. Chung

This thesis descibes the development of a non-contact inspection system,
used in providing a comparative method for gauging a surface. The purpose
of this system is not to measure the 3-D shape of a part. The volume
difference between the part to be inspected and a master, is merely part of
the decision criteria, where If this difference exceeds a certain threshold
value, then the component under inspection is deemed to have failed.

The technique involves a combination of fringe projection and image
subtraction. The system comprises two sub-systems, a low-cost pc based
image processor and a white light, square wave fringe projector. A camera
provides the interface between the two sub-systems. Validation of the
technique is provided by the simulation of mathematically generated defects,
and by means of experiments on samples of known volume. In addition, the
effect of the variation of particular set-up constants, on the technique’s
accuracy are also illustrated.

The problems and subsequent solutions associated with the practical
iInspection, result in an improved method of gauging. The system provides
reliable results (within 4%) for surfaces of nominally similar form and
reflectivity. Additional results (within 10%) are illustrated, where the images
and fringe patterns are mis-aligned. As a result of a selective filtering
scheme, precise relocation of the surfaces (used in the comparison) is
unnecessary. This is conditional upon the fringes on each surface, being
identical in orientation with each other.

Further consideration of the technique {(within an error analysis) indicates the
necessity of an accurate determination of all the set-up constants.The error
results cannot be taken too literally, since the worst case values are
presented. However, the trends of the effects of these errors are useful.

An adapted alternative method is also described that may prove to be (in
certain applications) an interesting real-time solution.
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CHAPTER ONE

INTRODUCTION



1.1 Introduction

The objective of this thesis is to describe the research work carried out in
the development of a non-contact surface inspection system, using a PC-
based low cost image processor and a simple optical fringe projection set-
up. The system provides a method of comparing one surface with another
to give a figure for the volume of any surface difference, and thus the ability

to pass or fail the item being inspected.

This ability is of great importance (particularly in the manufacturing
industry), where maintaining quality is essential. As a surface comparator
the main objective is to ensure that each inspected component surface is
nominally of similar surface form or surface condition (or both). This would
depend upon the type of application. For instance, in the case of a bar of
soap, ensuring the surface is defect free is of significant importance (for
aesthetic purposes), as compared to a car panel, where both shape and
surface condition are critical. For this reason, surface inspection is of great

importance within industry.

The system developed provides reliable results for surfaces of nominally
similar surface form and reflectivity, which other conventional techniques
are incapable of producing with similar éccuracy and speed. This Is
achieved by the use of the Imaging Technology Incorporated (ITl) Series 100

Image processor.

Together with the- theory behind the technique for volume estimation,
simulation and practical validation results are presented, to illustrate the
success of the system, and the effects of certain set-up constants on the
final results. The problems associated with the basic technique and the
solutions related to these problems are also presented to provide a more
improved and flexible method of inspection. An adaption of this improved
version provides an interesting option which can be developed further into

a real-time inspection system without the relocation problems associated

with the basic technique.



This chapter outlines the objective of the research project, the applications
of non-contact inspection and the equipment used in this research work.

The chapter concludes with a breakdown of the structural organisation of

this thesis.




1.2 Non-Contact Inspection

Product inspection within industry continues to play an important role in the
improvement of quality and reduction of scrap. Non-contact inspection
systems offer the speed, accuracy and flexibility that conventional methods
cannot. Non-contacting sensors provide long term unattended use, due to
the lack of sensor wear, and in some cases provide the only option for
measurement, where conventional contact techniques may damage and

geometrically alter the part to be inspected.

A variety of different inspection systems have been described in the past by
a number of researchers [1.1 to 1.3], giving an indication of the problems
associated with this method of inspection. The method of illumination, in
particular at an angle to the direction of observation, enables topographical
information to be obtained. This ensures that surface features that otherwise

are difficult to detect, can be observed.

Harding [1.4] discusses the current contouring techniques iIn the
manufacturing industry, with descriptions of the basic approaches adoptéd
with 3-D machine vision. A popular approach involves the illumination of
the surface examined, with a fringe pattern, observing the effect from an
angle. This method of non-contact measurement has been adopted by a
number of researchers including Burton and Lalor [1.5, 1.6], Halsall et al
[1.7, 1.8], Malcolm et al [1.9] and Chung [1.10]. These authors describe
methods for determining certain features of the surface examined, with the
fringe period and angle known. The effect of projecting a fringe pattern

onto a surface is the modulation of the pattern to the surface shape (see

Figure 1.1).
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Figure 1.1 Projection of a fringe grating onto surface.

The applications of non-contact measurement systems are numerous and
varied. The following section comprises a brief summary of some of the
applications to which these techniques may be applied, giving an indication

of the potential of the system discussed in this thesis.
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1.3 Applications of Non-Contact Inspection

Engineering Industry [1.11 to 1.14]

A large number of applications of non-contact measurement lie within the
industrial engineering field. These include a range of applications such as
those within the automotive and sheet metal industry, where the repeated
inspection to maintain the quality of the product is of significant importance.
The effective use of an automated inspection system will ensure incorrect,

damaged or defective items will not be passed through the system.

In addition, many other mass produced components made within the
manufacturing industry may be inspected in this manner. Too numerous to
mention, these include the inspection of glass bottles and light bulbs, where
the recognition of cracks or dirt on the glass, and faults in the uncut wires
or unsoldered contacts with reference to the light bulb application, are

equally important.

Microelectronic Industry {1.15 to 1.17/]

Traditional methods of measurement, such as plug gauges and 3-axis co-
ordinate measuring machines, are not practical in the case of printed circuit
boards (PCB’s). Such methods are slow. Only non-contact inspection
systems offer the speed, accuracy and flexibility required to make these

types of measurements possible.

Medical Applications [1.18 to 1.21]

The measurement of the human body, for a variety of medical and screening
applications, such as the early detection of the spinal disease scoliosis Is
another application of non-contact measurement. In addition, the
measurement of wear in different designs of replacement knee and hip

joints, and the wear in dental restorations.



The Food Industry [1.22]

The inspection of fruit, (e.g. Apples), for surface defects such as bruise
damage, is another application for a non-contact inspection system.
Currently when apples are purchased from the grower, their overall quality
is assessed by random sampling. The ability to economically detect and sort
out bruised fruit, would enable an improved quality and a better value

nroduct to be supplied to the consumer.



1.4 Expansion of the Objectives of this Research

The objective of this research work was to develop a simple, low-cost, non-
contact surface comparator. The purpose of which is not to accurately
measure the volumetric difference, but to gauge the acceptability of a
component. The volume difference 1s merely a decision criteria, where if
this difference exceeds a certain threshold, then the component under
inspection is deemed to have failed. Therefore, the absolute accuracy in the

volume measurement is not critical. The device Is a comparator and not a

measuring instrument.

It is envisaged that this system would be of most value in the inspection of

high volume products such as : plastic bottles, containers, packaging, metal

panels, etc.

All components will exhibit some difference, with the most important
features including the magnitude (with respect to some threshold), and the
distribution of this difference over the object surface. The latter point is
particularly important. For example, a difference of 50 mm?® in volume is not

significant over an area of 3000 mm?, but it is over an area of 50 mm?.



1.5 System Equipment

The system developed consists of two sub-systems, one digital and the

other optical. The digital sub-system consists of a PC based image
processor and the optical sub-system of a white light fringe projector. A
camera provides the interface between the two sub-systems. A brief

description of each sub-system is provided below.
The Image Processor

The Image processing system incorporates the Imaging Technology
Incorporated (ITl) Series 100 Image Processor. The processor enables
complex digital image processing functions such as image averaging, image
subtraction and edge enhancement to be performed. Included also, as an
object code, is a software library of image processing and graphic functions
designed for use with the image processor. The library is a set of more than

200 predefined functions and macros designed for use in C programs.

The Series 100 is a single-board image processing sub-system that captures
television standard video signals at video rates of 25 frames / second . It
stores an image in the frame memory and simultaneously displays the image
on an external monitor in monochrome or colour. Using one of the four
look-up tables available (RED,GREEN,BLUE and INPUT LUTs), real-time
operations , such as recursive frame averaging and subtraction may be

performed on live and stored images.

The frame memory , where ultimately the images are stored, is of size 1024
X 1024 pixels. Each pixel contains a maximum of 12-bits, with a display
resolution of 512 by 480, allowing 4 pages of storage to be possible. It has
dual scan capability and a pixel buffer for accelerated access and block
moves. Access to the frame memory may be software selectable or indirect,
with the use of pan and scroll on a pixel by pixel basis, enabling the ability
to analyse any area of interest (AOIl) of the frame memory at any time. This

permits the comparison of various images in the different AOI to be possible,
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before any function such as image subtraction is performed.

To use a C library routine, the library header files must be included in the
program. The C library functions are stored in compiled form in the library
files that accompany the C compiler software, and at link time, the program

may be linked with the appropriate functions and provide the code for the

called library functions.

Optical Set-up

The method of illumination comprises the use of a MP-1000 (Newport)
Moiré projector. The purpose of which is not to produce Moiré fringes, but
to project square wave fringes (with white light) onto the surface of the
component to be inspected. As a consequence, of the use of this projector,

the surface to be inspected is illuminated with a square wave fringe pattern

of equal amplitude.

10



1.6 The Structure of the Thesis

The following section comprises a brief description of the contents of each

chapter and the structure of the thesis.

Chapter 1 :

Chapter 2 :

Chapter 3 :

Chapter 4 ;

This present chapter introduces the research problem
undertaken and its solution. Background information on
non-contact measurement and its applications are also
included, with In addition a brief description of the
system used. The structure of the whole thesis is also

outlined, with each chapter briefly discussed.

The content of this chapter is concerned with a review
of some of the past work within the field of surface
measurement. Within the context of the technique
developed in this thesis, the fields of fringe analysis and
Image subtraction are discussed, with the specific areas
ot fringe projection and Moiré contouring discussed In
detail. Various analysis techniques are also covered
which include skeletonisation and an important area of
recent years, Fourier fringe analysis. In addition, the
problems associated with image subtraction of printed
circuit boards (where it is most often applied), are also
discussed. A final section covering surface inspection

by subtraction is then included.

Discusses the theory involved in modelling a fringe
pattern for a previously known height distribution. The
theory is developed with a flat plane as the example for

ease of explanation, although any shape is applicable.

This is an important chapter in that it describes the basic
theory for the technique for volume estimation. Again,

for ease of explanation for the development of the

11



Chapter 5 :

Chapter 6 :

Chapter 7 :

theory, a flat plane is used although any shape may be
applicable. Also included is a description of the
simulation tests, essential in validating the theory, with
additional simulation results of the effect of varying a

number of the parameters used in the theory.

Having discussed the basic theory of the system in the
previous chapter, this chapter describes the practical
application of the technique and the problems associated
with this experimental validation. These problems are
listed, with some of the practical solutions investigated
and discussed in detail, to enable a more robust system
of measurement to be possible. Included also is a
description of the procedure for obtaining the
parameters essential for an accurate comparative
measurement to be made. An interesting alternative,
adapting the method of fringe contouring is also
described, that may provide a successful real-time

solution.

This chapter illustrates the system in action in analysing
a series of fringe patterns obtained on a variety of
different sized surface imperfections. Only a number of
particular examples are presented to illustrate certain

features of the method of measurement and also to

- provide an indication of its limitations. The inspection of

soap bars is used to demonstrate the feasibility of the
technique on an example (and its associated problems).
However, it is only one application that the technique
could be applied to, many other examples may be

chosen.

This chapter describes an uncertainty analysis for the

possible sources of error, to provide an indication of the

12



effect of errors in the viewing angle, fringe period and

magnification factors.

Chapter 8 : Comprises a discussion of all the topics covered, and
lists the major conclusions drawn from the work. The
chapter concludes with a discussion of future work
proposals and outlines the possible improvements that

may be made.

13
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2.7 Introduction

The content of this chapter is concerned with a review of some of the past
work within the field of surface measurement. The development of an
automated surface measuring system has been weli documented, but within
the context of the technique developed in this thesis, involving the
combination of fringe analysis and image subtraction, the review is divided
into two parts. The first in the field of fringe analysis and the second in

image subtraction.

A number of different techniques have been developed, including fringe
contouring methods [2.1], such as fringe projection and moiré contouring.
With a series of fringes projected onto a surface, the shape of the fringes
alter according to the topography of the surface. By comparing and
measuring the shape of a distorted series of fringes with those that would
be formed if the surface were flat, it is possible to calculate the surface

topology of the object.

Various methods of analysis of optically generated contour maps including

fringe tracking and the important development of phase measurement with

the fourier transform analysis are also discussed.

The application of image subtraction is well established in the field of printed
circuit board inspection, with the associated problems well documented and
demonstrated. The combination of image subtraction and fringe projection

IS an obvious development, with other similar developments also discussed.

18



2.2 Fringe Contouring Methods

Fringe contouring methods have been used to measure surface form. There

have been several techniques developed to enable the production of contour
maps to be possible, with the principal ways of generating contour maps

listed below:-

) Fringe Projection Contouring
i) Moiré Contouring

m Holographic Contouring

A thorough review of the contouring methods is described by Atkinson
[2.2], but for the purposes of this research work, a brief summary of the
available techniques are listed in Table 1. Because of their relevance, fringe

projection and moiré contouring are discussed in more detail.

TABLE 1: FRINGE CONTOURING METHODS (SUMMARY)

Techmique  |Authors  |Desoripton

1. Fringe Projection
Contouring

Development of a
non-contact
profilometer for
industry using pattern
projection.

Porter and Mundy
[2.3, 2.4]

2. Moiré
Contouring

Yatagai et al [2.5] Analysis of Moiré
patterns used in
spinal deformity
analysis.

Steinbichler [2.6] Description and the

Rottenkolber [2.7] development of
holographic
interferometry for use
In industry.

3. Holographic
Contouring

19



2.2.1 Fringe Projection and Pattern Analysis

This section gives an overview of a variety of surface measurement
techniques using projected fringes. A number of techniques have been
employed to analyse fringe patterns, some of which are described in the

following section.

An early approach to automatic fringe pattern analysis by Indebetouw [2.8]
proposed in 1978 a method of measuring the profile of an object using
projected fringes continually translated across the object. The phase of the
signal, picked up at selected points on the surface, is converted to profile

heights. (Figure 2.1)

Figure 2.1 Schematic Diagram of fringe projection and measurement

through a mask by indebetouw [2.8].

There are however limitations to the method. To avoid an indeterminate
phase measurement, a range of 2m cannot be exceeded. This implies that
one must stay within one moiré fringe between the projected pattern and
the mask, i.e. the projected fringe pattern cannot be too fine. Also, local
variations of reflectivity within a fringe can lead to strong phase errors due
to the appearance of an odd part of the electric signal. This would occur if
the tool grooves or scratches of a machined part are comparable in size to
the fringe period. This source of error limiting the type of surface finish

suitable for the methods of fringe projection.

20



In 1982 Becker et al [2.9] developed a method for the automatic evaluation
of interferograms. The system involved digitising the interferograms with
a television digitiser, performing different image enhancements on the
image. The fringes are numbered using a special scheme with the object
reconstructed by a local polynomial least squares approximation. The time
for this system to process and analyse a 512 x 512 hologram image was 5-

10 minutes.

At a similar time, Robinson [2.10, 2.11] developed a technique which again,
brought together the technology of an image processing system and the
knowledge to be able to analyse fringe patterns. A schematic diagram of
the image processing computer system may be observed In figure 2.2,

illustrating the method of image capture, storage and display.

POP 11/34 A

128K Byte 2% RX02
ram disks

C.PU.
FP1A Unmbus

oLnn || D2l

: serial
interface 1/0

it

LA120 AN B R4S
printer| joy Key | |9enerator digitiser monitor
H_/
Image
display
Image
CRO camera input
| mage
cutput
Figure 2.2 Image Processing Computer System for the automatic

analysis of fringe patterns by Robinson [2.10, 2.11].
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Robinson applied his system to a variety of appligations:

) Strain Measurement
i) 3-D Positional Measurement

i) Fault detection in Holographic Non-destructive Testing

V) Moiré fringe analysis in a scanning electron microscope

The potential for development of these techniques are highlighted in two

main areas.

a) Where accurate dimensional measurement of complex but noisy fringe
data is required, the processing time is significantly longer, due to the
processing necessary of which a large proportion of grey level data

on such a simple computer architecture.

0), When a qualitative analysis or accept-reject decision is satisfactory,
and where binary thresholding is possible, processing times are

considerably reduced.

With such a wide number of examples, the versatility of both the computer

system and fringe analysis technique are emphasised.

The previous approaches in fringe pattern analysis proposed by Indebetouw,
Becket et al and Robinson are categorised as fringe tracking techniques. A
number of fringe tracking methods have been developed, Reid [2.1], with

the basic fringe tracking procedure described below:

a) Filtering the fringes

D) Fitting curves to the intensity data with a view to interpolating
between the fringe centres.

C) ldentifying and tracking the intensity maxima and/or minima with a
view to skeletonising the pattern and thereby minimising the amount
of data which must be subsequently processed.

d) Numbering the fringes automatically or interactively.

22



This approach however has problems in that although skeletonisation is
useful in minimising the data to be subsequently processed (aiding the speed
of analysis), a significant amount of useful data is lost. The fact that only
a few lines of data, dispersed across the image, are analysed will result in
a poor overall impression of this image. Similarly, in the analysis of each line
of data (containing the sinusoidal intensity data values), the manner in which
information is extracted at specific points (i.e. at each maxima or similarly
each minima), again a significant amount of (phase) data is discarded
between these points. A method of analysing all of this phase data, of each
point throughout the image, would be of more an advantage in providing a
more accurate measurement. This is a significant change in approach in the

field of fringe analysis in the analysis of phase data.

A variety of techniques have been developed to measure the phase of a
fringe pattern at individual points. An interesting method for extracting
phase information, which has been used by a number of researchers in the

past, is the Fourier Transform technique [2.12 - 2.15].

Takeda describes the analysis of a fringe pattern that may be represented

In the form of the equation :

gix,y) = a(x,y) + b(x,y) cos [@(x,y)]

where the phase ¢(x,y) contains the desired information and a(x,y) and
b(x,y) represent the unwanted irradiance variations arising from the non-

uniform light reflection or transmission by a test object.

Taking the Fourier Transform with respect to x, as Takeda [2.12] describes,

by the use of a fast Fourier transform (FFT) algorithm gives,
G(f,y) = A(f,y) + C{f+1,y) + Cl(f+f0:y)

where the capital letters denote the Fourier spectra and f the spatial

frequency in the x direction. Since the spatial variation of a(x,y), b(x,y) and
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@(x,y) are slow compared with the spatial frequency f,, the fourier spectra

are separated by the carrier frequency f,, as shown in Figure 2.3 below.

Figure 2.3 Separated fourier spectra of a non-contour type of fringe
pattern by Takeda et al [2.12]

The function C(f+f,,y) can then be isolated by a filter and then translated
to the origin of Figure 2.3.

Taking the inverse Fourier Transform of C(f,y) with respect to f, c{x,y) is

obtained. The phase ¢(x,y) can then be determined using the expression;

|I""-|-..‘|_|I

o(x,y) = arctan[lm[c(x,z)]
Relcix,y)]

where Relc(x,y)] and Im[c(x,y)] represent the real and imaginery parts of

c{x,y).

Similarly, Halsall et al, Malcolm et al and Burton et al [{2.16 - 2.20],
developed a phase measuring technique using the FFT, producing precision
non-contact measurement devices, using image processors in two cases and

a digital signal processing chip in the other.
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Malcolm et al and Burton et al, have developed their method on image
processing systems, analysing 512 x 512 images of 256 grey level
resolutions. Over a quarter of a million pieces of information are analysed
at any one time, requiring an enormous amount of processing power from
the computer hardware for the analysis to be made in a suitable amount of

time. Thus the high cost of the computing hardware required.

This is compared to the technique by Halsall et al, where the FFT method is
used on the analysis of a line of data from a line scan camera, through a
digital signal processor (as compared to the previous more expensive image
processing systems). Relatively quick and accurate results may be obtained,
on much less expensive equipment, to provide an efficient means of a profile
measurement. However, this again is a very computational intensive
method (typical for the FFT), although it has great potential is further

development of a real-time profilometer.

The basis behind the technique involves the illumination of a surface with
a fringe pattern of sinusoidal intensity and viewed at an angle by a camera.
The optical setup comprises the use of a laser, beam expander with a
collimator, and a wedge, to produce cos” intensity interference fringes. By
the analysis of these observed fringe patterns, in the computer hardware of
the setup, where any deviation from a flat surface will result in the fringe
patterns suffering a phase modulation, the fourier transform analysis

operation may be performed.

It can be shown that the intensity profile of the illuminating fringes as seen

by the camera is given by:

I1(i,])

| .. COS 2nc_:_9_s€j + 2n§_i_n9 hii,))| + | ..

2 Po Po 2

Expression 3.5 developed in Chapter 3, for a modulated cos? pattern,

with the phase shift at any point in terms of height at any point i.e.
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@,]) = 2ﬂ§_i_£19 h{i,j)
Po

or since @ and p, are constant.
Pll,)) = Kp hi,j)

where @(i,}) 1s the phase shift at any pixel location (i,j).
h(i,]) is the height and any pixel location (i,j).

Kp I1s known as the phase constant.

Taking the Fourier Transform of a function such as equation 3.5, a power

speétrum (1.e. the previous Figure 2.3) would be produced.

Again, once the inverse Fourier Transform has been applied, the phase of
the original fringe pattern may be calculated by:

@(Xx,y) = arctan ml(x,y)]

|
[ Rel(x,y)]

The phase distribution is modulo 2, and must be unwrapped to give a
continuous phase distribution, from which it is a simple matter to use
expression 3.5 to calculate the range map. Requiring only the geometric

properties of the set-up, i.e. Angle @ and fringe period p, the phase constant

Kp may then be determined, and so height h(i,j) at any point.

The FFT used by these researchers gives an absolute measure of the fringe
pattern being analysed. However, there are problems encountered, nhamely
the fact that it is very numerically and computationally intensive, and also

provides an absolute measurement as opposed to the comparative method

developed ultimately by this author.
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Three problem areas [2.18] are also encountered when the FFT is used as

an analysis tool in this fashion. These sources of errors include:

)

1)

1)

Aliasing where high frequency components of a time or spatial
function can translate into low frequencies if the sampling
frequency is too low. This problem can be alleviated by
iIncreasing the sampling frequency, but again may be present
even If the highest frequency component is less than half the

sampling frequency.

The picket fence effect is corruption to the frequency
spectrum. This occurs if the analysed waveform includes a
frequency which is not an exact multiple of the number of
points In the transform. For example, all frequencies should be
of value N/r, where N is the number of points in the transform

and r is an integer, if this effect is to be avoided.

Leakage refers to the apparent spreading of energy from one
frequency into adjacent ones. This arises due to the truncation
of the time sequence such that a fraction of a cycle exists in

the waveform that is subjected to the FFT.

Other researchers Halioua et al [2.21] developed a phase measuring system

of a similar approach, with a sinusoidal grating structure projected onto an

object. The resulting effect is observed by a camera offset at an angle and

analysed by a microcomputer using phase measuring algorithms Figure 2.4.

Two systems were developed, one that yields range measurements from a

single point of view over a two-dimensional array of points, and a second

that permits full 360° measurement.
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Figure 2.4 Block diagram of complete system by Halioua [2.21]

The first system incorporates the projection of a parallel sinusoidal pattern
produced from a complex optical set-up comprising a laser source. This
interferometer is compact, stable and insensitive to external disturbances,

but like other laser based interferometers restricts the size of object able to

be measured.
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Figure 2.5 Optical geometry for 360° measurement with diverging white

light illumination by Halioua [2.21]

The second system Figure 2.5 however is more practical in handling large
objects, using a diverging, white light illuminated, sinusoidal grating. The
object is placed on a rotation stage, which is rotated by discrete angles
between each recording, enabling 360° reconstruction to be possible. Since
illumination is of a diverging nature, the analysis is more complicated than
the previous case, a different approach requiring a different phase mapping

algorithm is developed.

Both systems produce good results (accuracy within 0.1Tmm), but the
complexity of the optical end of the first system is a major disadvantage.
The added restriction in the size measurable by this method, led to a more
practical, white light system. However, this complete system is
computationally very intensive (typically when analysing the phase of a
whole image), but in this case for a 360° measurement, considerably more
data. Also, in the application of the projection of sinusoidal fringes in the
phase measuring technique, the fringes must be ideally sinusoidal. Producing

sinusoidal fringe gratings is difficult for the white light projection application.
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2.2.2 Moiré Contouring

Moiré fringe patterns are formed when two similar but not identical patterns
are superimposed upon one another. The majority of moiré patterns are
generated by the interference of straight line fringes, although curved lines
have also been used in the past. A moiré pattern is made by forming a
fringe pattern on a subject, produced either by projecting or shadowing, and
comparing this pattern with some reference pattern by overlaying the two

fringe images. The fringes produced illustrated in Figure 2.6 below.

/ GRATING LINES

VI
I
m

Figure 2.6 lllustration of the beat Moiré fringes created by overlaying two

gratings by Harding et al [2.22]

If the reference set of fringes are straight lines, the beat pattern between the
two images will form a contour map of the object’s surface in the same
manner as a topographic map illustrates the contours of the land. Each
fringe line follows along the surface of the part at a constant depth range

from the viewing system. This meant that every point along a fringe line
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is at the same height. As the slope of the surface increases, the fringe lines
will get closer together. If the surface slopes a different way, the fringe

lines will change accordingly.

As stated by Harding et al [2.22] the pattern produced is a function of the
surface shape, and, as such, moves with the part without changing its
character. Wherever the part is and whatever orientation the part is in,
within the field of view of the system, the moiré fringe pattern on the part

will look the same.

Figure 2.7 Development of modern Moiré topography by Takasaki [2.23].
a) Oblique Shadow b) Basic Type
c) Projection Type d) Additive Projection

The classical oblique shadow method, as shown in Figure 2.7 (a), was
perhaps the initial starting point in the development of modern moiré
topography [2.23]. When this technique was used, the object was required
to be almost flat. This limitation was removed by adjusting the distances

from the grating to the light source, and to the viewpoint equally, as shown
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in Figure 2.7 (b). From this point, it now becomes possible to show equal
height contours by moiré fringes on a large object, although, when the
curvature of the object is high, the fringes become diffuse. The two types
of noise produced are due as a result to diffusion of the shadow of the
grating, and the moiré fringes formed by the higher harmonic components
of the grating and its shadow. Both types of noise may be eliminated by the
movement of the grating in its plane, since the noise moves and change
shape with this movement, even though the fringes showing the contour

lines of equal height do not.

With the errors of the grating averaged over the extent of the movement,
the accuracy has improved significantly. Employing the moving grating
technique is both simple and accurate. However, a grating of the same size
as the test object must be placed to its surface, thus limiting the free
movement of the test object. A modified type of moiré topography which
solves this probiem is shown in Figure 2.7 (c). The grating is projected onto
the surface, and viewed through an identical grating. Again, the moving
grating technique can also be applied. This moiré projection technique has
been investigated extensively in the past, with another adaption to the
technique, resulting in the additive projection type. In this technique, the
moiré fringes are produced by projecting two gratings with different angles
onto a test object using two projectors, as show in Figure 2.7 (d). The
moiré fringes are generated as a result of the non-linear responses of an
observer’s eyes. This technique has the advantage in that is permits in situ

observation of the fringes, although the fringe visibility is low.

Traditionally, moiré patterns have been generated in two ways:

) Projection moiré, in which a grating is projected upon a
surface, which is subsequently viewed through an optical

system which contains an identical grating (Figure 2.8(a)).

i) Shadow moiré, where light illuminates a grating placed close

above the object, casting shadows on the object which are
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subsequently viewed through the same grating, but at an angle

to the projected light (Figure 2.8(b)).

>

/

A

Shadow Moire

Figure 2.8 (a) Projection moiré (b) Shadow moiré
by J. H. Blatt [2.29]

In the case where the part cannot be close enough to the grating for a clear
shadow of the grating to be formed on the part, a projection approach can
be used where the master grating is imaged onto the surface. Then the
surface is imaged back to a reference plane, from an angle different from the

illumination angle. The resulting image is viewed through the submaster

reference grating.

If the reference grating is made by recording the image of the object grating,
then the moiré pattern can be used to show only differences between the
reference object and some new object. In this way, moiré can be used to
show only deviations from a good part. However, if the reference grating
is a recording of how the grating looks on the part, then to achieve an
accurate subtraction of the part geometry, the past must be repositioned
where it was located when the reference grating was recorded. The

tolerance on this repositioning is a function of the complexity of the part

geometry.
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Reid et al [2.24 - 2.27] described a phase measuring version of projected
moiré topography which allows fully automatic on-line analysis of moiré
fringe contour patterns. The technique described can be used for both
absolute and comparative measurements of the surface form. Most authors
describe apparatus that is similar to that shown schematically in the

previous Figure 2.8.

A grating is projected onto the object while an image of the object is formed
in the plane of a reference grating. The reference grating is a photograph
of the grating projected onto a flat surface. Interference between the
grating image and the reference grating causes a number of moiré fringes to

appear superimposed upon the surface of the object.

It must be assumed that the camera and projector are geometrically similar
(that i1s, they have the same ratio of grating pitch : lens grating separation)
and have parallel optical axes. Further assumptions must be made with
respect to the perspective centres of the camera and projector. Under these
conditions, the fringes produced describe contours of equal height. The
analysis of the fringe pattern by a phase measuring approach is then

undertaken.
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Figure 2.9 Phase-measuring moiré topography: Reid et al [2.24]

As shown in the figure 2.9, the basis of the system adopted by Reid et al,
required the projection grating, of pitch Pp, to be moved through a distance
Pp/K (that is, the phase of the projection grating is moved though 2r/K) and
a second image is read into the computer though the CCD camera. This
process is repeated until the projection grating is moved through (K-1) equal
steps and a total of K images have been stored in the computer memory, in

order for K intensity levels to have been stored at each pixel location.

To evaluate the phase of the moiré fringe pattern at each pixel co-ordinate,
the Fourier series coefficients must be then evaluated. From which the

height distribution may be determined.

The complexity of the optical setup and the computational intensity of the
technique, are great disadvantages of this technique. Together with the fact
that a comparative measurement would be a better solution, rather than an

absolute measure, of which moiré is an example.
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Figure 2.10 Acousto-optic moiré topology by Blatt et al [2.28]

An adapted projected moiré system developed by Blatt et al [2.28, 2.29],
incorporated a method of generating and projecting contours of variable
period magnitude. The main elements of the system are two acousto-optic
cells (used because of its large refractive index, its low optical absorption
and its resistance to optical damage). In general, similar in setup to
projected moiré, the cells are placed in the same grating location, but with
additional lenses (Figure 2.10). The modulated laser beam from one cell is
projected upon the surface, with the output observed through the other cell.
The space grating is generated electronically inside the acousto-optic cells
by square wave modulation of the acoustic wave, with the spacing rapidly
altered by changing the modulation frequency. The complexity necessary
In producing a variable period grating is a major disadvantage, considering
that a range of different period sized gratings is more than sufficient to

achieve the same result.

An example of using shadow moiré topography was proposed by Jin and
Tang [2.30], in which similar to Reid et al, the phase measuring approach
is adopted. Although, optical much more simple, a major disadvantage Is
the requirement for the grating to be of the same size as the test object,

severely restricting the free movement of the test object.

There are several more limitations to shadow moiré topography. First, the
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surface to be measured cannot be too steeply sloped because the density
of the fringes cannot exceed the resolution of the camera system. Second,
the surface to be measured cannot be too flat because too flat a surface will

produce either no moiré fringes or very coarse moiré fringes.

However, these limitations may be avoided by altering the sensitivity of the
technique, simply by altering the angle, or period of the grating. The higher
sensitivity, the more moiré fringes appear. Another limitation is that the
area to be measured is limited because it depends on the collimating lens

used to make all rays parallel.

Also, there are some sources of error in this method, in accurately
determining the fringe grating period and angle. The grating period and the
grating distance moved can be measured accurately if measured carefully,
but the angle can hardly be obtained accurately if measured directly, with
an inaccurate measurement resulting in a large error. A more accurate angle

may be obtained from calibrating an object of known size.

There are two main reasons why basic moiré topography has been so
successful. For one, the moiré fringes are formed by the grating and its
shadow at the very first stage of the process. As a result, the spatial
frequency which must be treated in the system is low. Secondly the picture
noise is averaged by moving the grating. The spurious fringes are erased
and the accuracy of the measurement is improved by the technique.
Stimulated by the success of the basic type of moiré topography, new
techniques have developed, but with the simplicity and accuracy of the
basic method replaced sometimes by more elaborate, complicated and more
expensive solutions. In fact, very powerful real-time data processing may
be achieved by electronic moiré topography. But the complicated setup of
instruments necessary, as well as high cost involved, may prevent the
system being popular. The added problem is the requirement of the use of
phase data (Reid [2.24-2.27]), although accurate, is computationally
intensive since each point is analysed. Similar to any successful solution,

the merits and disadvantages must be balanced against each other, and an
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adequate compromise made between the two.

Other problems of processing moiré fringe patterns are, the ambiguous

fringe pattern, i.e. the possible confusion between the primary and
secondary fringes, the non-continuity of the fringes and the fact that an
absolute as compared to a comparative measurement (a better solution) has

been made.
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2.3 Image Subtraction

Another interesting field of automated inspection where a significant amount
of work has been achieved in the past, is in the field of printed circuit board
(PCB) inspection. With this method a number of workers have developed
comparative measurement techniques using image subtraction, as compared

to the previous absolute measurement methods.

Image subtraction is the most simple approach to the visual inspection
problem. With this approach the part to be inspected is scanned and its
iImage compared to an ideal example. The subtracted image, showing
differences, can be subsequently be displayed and analysed. Figure 2.11

shows the subtraction process.

Model

Exclusive OR

Defect Map

Test Image

Figure 2.11 Image subtraction process [2.33]

The application of image subtraction together with fringe projection is an
obvious and simple approach which may be adopted in the development of
a surface inspection method. However, there are a certain number of

assumptions that must be made in the application of subtraction.
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By definition, the results of a subtraction is a difference. This difference
may be due to a number of reasons. For instance, a surface defect or
missing item, a relocation error or difference between the two images (no
two items or scenes are identical). The difference may only be assumed to
be a defect, providing the images align with on another perfectly (i.e. no
relocation error) and there is no visual noise (which is impossible although

visual noise may be minimised).

The following brief review has primarily been investigated in the context of
inspection by image subtraction. The purpose of which is to illustrate the
problems encountered in PCB subtraction methods. More comprehensive
reviews of the different techniques involved in the inspection of PCB’s have

been described by a number of authors [2.31-2.35].

Printed circuit boards (PCB’s), the heart of all electronic devices, are
extensively inspected to isolate errors such as shorts, opens, missing holes,
incorrect markings, over-etching, under-etching and other effects.
Traditionally, visual inspection is performed by workers to detect large
flaws, to align the board and to control tolerance. ltis the small scale flaws,
often tedious inspection and for these defects that an automated system

would be invaluable.

All PCB inspection methods require some aspect of prior knowledge of the
PCB, such as the geometric structure and dimensions as well as the various
engineering tolerance standards. Image subtraction is the most obvious

approach to the visual inspection of PCB.

A number of researchers have developed PCB inspection systems in the
past, implementing this method in a video processor by comparing video
frames with a perfect image stored on a video disc. Lee [2.36] has used an
image subtraction method for inspection of printed thick film patterns on
ceramic substrate. He also extended the method to include a searching

scheme through the subtracted image for potential defects.
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The method of image subtraction suffers from several problems such as the
large reference data storage, precise alignment and sensitivity to illumination

and scanner conditions. One other drawback of image subtraction is the
fact that many and perhaps most acceptable PCB’s do not match point to
point identically, because of shrinkage and swelling of the board. In this
situation the use of some method of compensation may result in systems

which become impractical.

Feature matching is an extended approach of the image subtraction method.
Typically, the PCB to be inspected is scanned while the required features are
extracted. Then, instead of comparing the PCB and perfect pattern with
each other directly, only the features extracted from the PCB and those in
a perfect example are compared. If these correlate with one another, the
PCB is satisfactory. This subsequent processing is referred to as local
feature extraction and template matching. This method significantly reduces
the Image data necessary for storage, and the sensitivity of the input

INntensity data.

Chou [2.37] devised an inspection system for PCB’s using a similar method.
The method’s important features comprises of vertically viewing the PCB
and its resulting pattern from the direction of illumination. A fluorescentring
light or a number of fluorescent tubes ére placed around the camera,
surrounding the four sides of the PCB (Figure 2.12). With this configuration,
the light is uniformly distributed with the incident angle of light ranging from
10° to 70°. The choice of lens is dependent on the different component

whose size can range from 10 to 40mm.
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Figure 2.12 Detection of pattern vertically illuminated by Chou [2.37]

The actual final design comprised of two scanners, to enable both sides of

a PCB placed on a two dimensional translation stage, to be examined.

Since all PCB inspection algorithms although diverse, utilise prior knowledge
of a standard to be compared with, the method of image subtraction is the
most obvious solution. But the problems suffered by this method of, large
data storage, precise object alignment, and sensitivity to illumination and
scanner conditions, resulted in incorporating feature matching in the
subtraction. This involves creating a mode! of a set of chosen features
which maximise the discrimination between each PCB specimen and master
reference. A number of models comprising a variety of these features
present, missing, orientated and misorientated are built up and stored In a
database, to enable a semi-automatic training process to give the operator

the opportunity to create best features to use during inspection.

However, there are problems with this method.

These include:
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i)  The complexity of the algorithm for matching each feature.

i) The number of permutations of a misorientated feature. Thus,

providing a large number of possible model sets.
i) The slow speed of analysis for such a complex algorithm.

iV} The requirement for the XY table on which the PCB is placed,

to move quickly (for real-time purposes) and accurately (for

precise alignment).

Similarly, Mountjoy et al [2.38] developed a technique incorporating the
most obvious approach of image subtraction. The basic technique consists
of directly viewing the board to be inspected, placed upon an XY table,
capable of positioning and rotating to any desired position. With the aid of
a Joystick, the operator selects the pertinent points from the image for
storage, some components requiring more points than others. A training
table is created containing, for each point, the location co-ordinated,
digitised grey level value and associated component description. In this
manner only a relatively few points from the image are stored, thereby
Increasing the inspection rate and decreasing the amount of storage

required.

In the inspection phase, the data from the training table is accessed, to
enable the correct features for those co-ordinates to be compared with.
Thus, the decision is made to conclude whether a component is either

present or missing.

However, as the data set of the image increases, the real-time inspection
factor becomes critical. In order to have a fast inspection rate and minimal
amount of storage, data reduction would be required. The abrupt changes
in intensity along the edges separating the only two kinds of material of the
board, metallic conductor and laminated plastic, give rise to simple approach

to obtain a bilevel image.
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Thresholding and edge detection techniques which were applicable to this
problem were examined by Mountjoy et al. On implementation demon-
strated that a Roberts [2.39] gradient edge operator and thresholding
function, were quite appropriate in this application. With a reduction in the
information retained by using only the edge location, a training table is
created consisting of only information the line number, edge counts and
location co-ordinates. During inspection, rather than performing subtraction
on pixel by pixel between master and test images, edges on the test boards

are compared with those on the stored table.

The advantages and disadvantages of this technique are identical to the
previous method. However an additional advantage to this technique, with
the inclusion of feature extraction and edge detection, is a significant
reduction in data produced, increasing the speed analysis. This is countered
by the disadvantage that with edge detection, information related to the
difference in the images, thus missing components or defects, may be lost
or confused with other data, due to the lack of detail in an edge extracted

Image.

Ejiri et al [2.40], developed a different and more interesting approach in
inspecting PCB’s. A method of detecting defects in complicated patterns
IS described. If the object to be tested has a plain or uniform surface,
defects such as stains are easily detectable by thresholding the brightness
of the surface reflection. However, when the object itself has a complex
pattern such as that of a PCB, it is generally very difficult to discriminate the
defective portions: from the normal portions. According to the usual
methods of pattern recognition, the defect pattern portions would be
memorised and used as standard patterns for recognising similar defects.
However, the patterns have an infinite number of shapes and sizes, and for

this reason, it is virtually impossible to memorise all possible defect patterns.

The method dealt with in this technique does not require any predefined
model of a perfect pattern. Instead it is composed of two-dimensional

logical filtering operations based upon the nature of the object pattern.
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These filtering operations introduce an irreversibility into the image

processing.

This method is also equivalent to the generation of a pseudo-standard
pattern, in which the defect portions are eliminated, from the input pattern.
These are potential defect portions. To do this a process of expansion -
contraction is developed on the binary image of the PCB to be inspected.
Areas identified as conductors are first enlarged uniformly in all directions,
and then contracted by the same amount. The enlargement eliminates all
small scale features on the conductor. Here small scale features smaller
than a certain size are considered to be defects and are eliminated from the
input pattern. This enlarged pattern is then reduced by the same factor to
eliminate small features within the substrate. The pattern derived from this
expansion - contraction process is used as the model in an image subtraction
process in which the input PCB pattern is compared with the derived model.
Since this model is generated from the image pattern under inspection
without using perfect patterns, the term pseudo-model is used. Figure 2.23
IHlustrates this pseudo-modelling and the subsequent image subtraction

process.

The unique characteristic of this method is its generation of the pseudo-
model. The feature is a set of small-scale objects (e.g. nicks and dots)
found on the PCB. This feature is used only for the modelling process and
not during the detection. The detection is an image subtraction process
operating on two binary arrays. This eliminates the problems of positioning
between the input-and the model as well as the need to train the model
manually before the inspection process begins. However, it only detects

small defects.
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Figure 2.13 Principle of the expansion-contraction method for detecting
small defects. Ejiri et al [2.40]

Chinetal[2.41] used an operator-interactive model building graph procedure
to train the PCB inspection system. Operator interaction is necessary when
features are extracted, noise reduced, model graph defined and model
features modified. In this step, the operator uses a joystick and displa'y, to
select windows and to remove unwanted areas. In the later inspection
phase, instead of searching for similar features through the PCB under
examination, the inspection routine accesses the stored models for expected
feature types and edge locations. Thus, directing the scanner to look for the
expected features in the test image. If the feature is missing or measurably
different, the graph model indicates an error. Unlike most of the other
feature comparison methods, this procedure does not require
scanning/processing the entire PCB image. However, it requires precise
alignment, and isolated defects of a significant distance from the expected

edge will be missed.
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2.4 Surface Inspection by Subtraction

Subtraction has primarily been used in the field of PCB inspection but has

also found uses in other areas.

Rovyer et al [2.42] devised a method of automatic measurement of a crater
volume by means of light sheet projection. The method consists of
projecting diverging fringes onto the object surface, viewed from a different
direction to the direction of illumination. By translating the object and then
scanning the surface again, the volume may be determined by the following

relationship.

Volume = H.E.dx.} vyi

YO
where H = Known depth.
E = Fringe spacing.
dx = Measurement step along fringe.
Vi = Distortion measured at given point.
YO = Fringe distortion corresponding to the

known depth H.

Therefore it can be seen that this system is in principle similar to phase

stepping, but with the object moved and not the fringe projection system.

For complicated forms where some hollows may happen to be hidden by
prominent parts, a diverging illumination and a double visualisation system
(incorporating two symmetrical directions of observations) is used. (Figure

2.14)
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Figure 2.14 Royer and Schwab Crater volume measurement system [2.42]

The depth calibration is achieved with the help of an interferometer from

which the fringes are observed in the same conditions as the object. The

remaining automatic process includes five steps. (Figure 2.15)

i)
1)

V)

Positioning the fringe on the object surface.
Reduction of the fringe width to one pixel.
Completion of the fringe discontinuities.

Calibration of the magnification and compensation of its
variation as a function of the measured depth.

Integration of the depth values.
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Figure 2.15 The Five steps of the automatic process by Royer et al [2.42]

A problem with this method is the accuracy required in determining a
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