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Fig. 6.16a The modelling of a circular disc with different light intensities.
Raw images (image 1) are illustrated in left panel and their profiles along the line

y=127 are shown in right panel.
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Fig. 6.16b The isochromatic fringe order (left panel) and the isoclinic angle (right

panel) for a modelling disc with different light intensities.
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Fig. 6.18 Flow diagram shows the effect of the Gaussian filter in the phase-stepping

system.
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Fig. 6.19a The raw images for a blade captured by the PSIOS system.

The bottom panel shows the profile along the line Y=51.
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Fig. 6.19b The fringe order and isoclinic angle for the blade in the left panel and
their profiles along the line Y=51 in the right panel. Wrapping error was observed

due to various kinds of noise.
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Fig. 6.20 Effect of the Gaussian filtering. Perfect data, data with 10% noise and data
after processing are illustrated in the left panel. Their light intensities along the line

of Y=127 are shown in the right panel.
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Fig. 6.21 The isochromatic fringe order (left) and isoclinic angle (right) from perfect

data (top), data with 10% noise (middle) and Gaussian filtered noisy data (bottom).
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intensity along the line Y=51 before smoothing (cyan) and after smoothing(dark blue).
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Fig. 6.22b The fringe order and isoclinic angle for the blade after processing by a
Gaussian filter are showed in the left panel. Their profiles along the line Y=51 are

showed in blue line in the right panel, while cyan line are profiles before processing.
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CHAPTER

SYSTEM DISCUSSION AND
EVALUATION

The automated photoelastic system consists of the four sections: the light source, the
optical system, the image acquisition and the image analysis system. The possible
error sources and their influence were investigated in the preceding chapters. This
chapter will review all the errors and their contributions to the whole system and an

evaluation of the accuracy of whole system will also be given.
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7.1 Overview of Error Sources in Phase-stepping Systems

All the possible errors and their sources in the phase-stepping systems are listed in

Table 7.1.

Optical System

Conventional Polariscope

1. Mismatch of the quarter-wave plates
2. Linear alignment
3. Angular alignment
4. Spatial and temporal variation of the light and environment
5. Material inhomogeneities
PSIOS
1. All the errors in conventional polariscope
2. Spatial calibration of the four images
3. Brightness calibration
4. Incident angle of the light source
Light Source
1. Mismatch of the quarter-wave plate
2. Dispersion of birefringence

Image Acquisition

CCD Camera

1.

The nonlinear relationship between the output and the input of
the camera

2. Sensitivity of the individual camera cell
3. Geometric distortion
Amplifier
1. Function of the brightness and contrast control
2. Saturation
A/D Converter
1. Spatial quantisation
2. Digitisation of the brightness level

Image Analysis

Table 7.1 Overview of error sources in the phase-stepping systems
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All of those error sources were analysed in the previous chapters and the results will
be reviewed below for a clear presentation because the evaluation of the whole system

is based on the knowledge of every individual system section.

7.1.1 Optical System
Two optical systems were investigated, one is the conventional phase-stepping system
and the other is PSIOS. The same theoretical foundation are discussed for both
systems and all the optical elements used in the conventional system are used in the
PSIOS system, so that the errors that exist in the conventional system also exist in the
PSIOS system. Some special errors were introduced for the PSIOS S):;tem due to the
use of beamsplitters.

In the conventional phase-stepping system, a mismatch of the quarter-wave
plates was considered to be the largest error source, and generates larger than 6%
errors in the isochromatic fringe order and up to 31 degrees error in the isoclinic
angle. Either the light source or the quarter-wave plates must be changed to remove
this error. In practice both linear and angular alignment of the optical elements are
commonly achieved by manual inspection rather than by any specific equipment or
procedure, and the error in a carefully conducted experiment could be less than 1.3%
in the isochromatic fringe order and 4 degrees in the isoclinic angle. Spatial and
temporal variation of the light source and test environment can introduce the errors in
the measured light intensities which appear in the brightness of the images and will be

discussed later in this chapter. Finally, material inhomogeneities in the optical
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elements and the specimen must be avoided when employing automated fringe
analysis since they are difficult to identify unless they are totally opaque. All the
errors in the optical system for the conventional polariscope are insignificant
everywhere for the isochromatic fringe order, but large errors occur in the isoclinic
angle at the location of the integer and half order fringes. This is undesirable because
it makes replacement of data in this zone more difficult.

In the PSIOS system, four images were acquired simultaneously by four
different cameras, so their images must correspond to the same scene spatially and
with the same light intensity distribution before each beam arrives at the output
quarter-wave plate and analyser. In order to let the same spatial position appear with
the same co-ordinates in all images, a calibration of magnification, translation and
rotation of the cameras should be taken. To guarantee that the same intensity is
viewed by all the cameras requires the appropriate transmission / reflection ratios of
the three beamsplitters. When the PSIOS system is used as a reflection polariscope,
the incident angle of the light source to the specimen is no longer a right angle. The
analysis of the errors in the PSIOS system is from these three aspects.

The spatial calibration for the PSIOS system is very important, because the
analysis of the four images without an alignment makes no sense for the results. A
target was designed for this purpose. At least two points are needed to identify the
magnification in four images; then the first point is used to align the translation of the
images and the second point is used to align the rotation of the images. Only after
spatial calibration of the four images can the acquisition and the processing be carried

on sensibly.
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The same light intensities are required in each beam before they arrive at the
output optical elements. The nominal transmission : reflection ratios of the three
beamsplitters were calculated and used to modify the intensity value through
Eqs. 3-23 and 3-24. The beamsplitter is allowed to have +1% tolerance in the
transmission : reflection ratios from the manufacturing process, and this results in
about 5 degrees error in the isoclinic angle and no significant influence on the fringe
order.

In the PSIOS system the position of the light source and the camera
determines an angle between the incident and reflection light beams. Since this angle

is less than 10 degrees, the error it introduced to the system is thought to be negligible

[Patterson and Wang, 1997b].

7.1.2 Light Source

The optical system requires a matching light source with respect to the quarter-wave
plates. The perfect light source should be a monochromatic light, with a wavelength
matched for the requirement of the quarter-wave plates. However, the PSIOS
instrument was designed for use in an industrial environment and so portability is
important and makes high intensity monochromatic sources impractical. In addition,
the potential combined use of Spectral Contents Analysis (SCA) with the phase-
stepping system or the RGB method requires a broad band of wavelengths. In all of

the above cases, a white light source is a better choice.
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Several white light sources were available in the author’s laboratory, namely
S1, O1 and L1, and have been tested. The errors in the isoclinic angle are always
large at the position of the integer and half order fringes and have a greater influence
on higher fringe orders than lower orders. The errors in the isochromatic fringe order
are generally small for the low fringe order case. The errors increased dramatically
when higher fringe orders were considered. So the white light sources are limited to
low fringe orders if reliable results are to be acquired, typically 1.5 fringes for 5%
errors.

The form of the spectrum of white light directly influences the errors in the
isoclinic angle and isochromatic fringe order. The ideal spectrum should have high
intensity in the area adjacent to the matching wavelength of the quarter-wave plates
and low intensity elsewhere. In addition, the spectrum should be symmetrical about
the matching wavelength.

The employment of the medium band filters reduces the errors both in the
isochromatic fringe order and in the isoclinic angle significantly. If £5% accuracy for
fringe order were acceptable, then the maximum fringe order that could be measured
would be 0.5, 3, and 2 using sources S1, O1 and L1 respectively and increase to 6 and

10 if the 80 and 40 nm filters are combined with the source S1.

7.1.3 Image Acquisition
Three parts were considered to be included in image acquisition, namely the CCD

camera, the amplifier and the A/D converter. The fringe pattern was viewed by the
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CCD camera with an appropriate lens, transferred and divided via the amplifier to the
monitor for display and to the A/D converter for production of a digital signal for

computer analysis.

7.1.3.1 CCD Camera

The errors in the sensor can be generally considered to arise from two aspects: one is
the intensity and the other is geometry. The geometric distortion caused by the CCD
camera can be ignored. The errors in intensity can be divided into two parts: one is
the relationship between the output and the input of the camera, and the other is the
sensitivity of the individual CCD cells to the same input. The output of the camera is
expected to be linear with the input light intensity, however, the experiment using the
Neutral Density filters showed that the linear relationship only existed in the medium
to high intensity range but not in the extremely low range.

The output curve was fitted by the least square method and its influence on
the isoclinic angle and the isochromatic fringe order was simulated for the
compression disc. Since this nonlinearity only influences the darkest region, it makes
spline even more difficult while having almost no influence on the other region.

It is hard to distinguish the sensitivity of the individual cell to the light intensity
because the effect is combined with the influence of the light source, the digitiser and

the ND filter. The combined effect is discussed later in this chapter.
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7.1.3.2 Amplifier

The output of the camera is transferred via the amplifier to the computer. The
brightness and the contrast of the signal can be adjusted by the amplifier. The
experimental investigation showed that the control of the brightness is by adding a
coefficient to the light intensity; while the adjustment of the contrast is by multiplying
the intensity by a coefficient.

From a theoretical view, adjusting the brightness and contrast will not
influence the isoclinic angle and the isochromatic fringe order because they will be
cancelled by subtraction and division respectively in Eqs. 6-15 and 6-16. However, in
practice all the raw image data are expressed by 256 grey levels and a truncation error
would be introduced. The low level of the brightness and contrast results increases
the size of the undefined zones of the isoclinic angle, and this potentially makes the
replacement of undefined data more difficult.

Saturation can be caused by too large a lens aperture or by a high level of the
brightness or contrast. Both cases would make the analysis results incorrect and
should be avoided during the experiment. The detection of the saturation should be
concentrated on image 1 and image 2 in the conventional polariscope or the

corresponding ones in the PSIOS system.

7.1.3.3 A/D Converter

The conversion of the signal from analogue to digital is essential for computer

analysis; and this conversion will introduce spatial quantisation and digitisation of the
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brightness level. The former should not introduce any error as long as the resolution
is less than 0.26 fringes per pixel (see Section 3.4.2). The latter will always bring
some influence to the results. This is an inherent drawback of the digitiser and can

not be deleted in anyway. Its contribution to the measured intensity will be discussed

later.

7.1.4 Image Analysis

The analysis of the simulated model, which is noise free, showed that no errors were
introduced during the procedure itself except in the region with high fringe gradient.
However, noise in the images was inevitable in practice due to many kinds of error
source and will cause some mistakes, such as wrapping errors, in the analysis. Use of
a Gaussian smoothing filter, as a weighted average method, was found to be effective

for improving the image quality and reducing the wrapping errors.

7.1.5 Discussion

As pointed out in Chapter 3, the techniques of automated analysis for photoelastic
fringes was shown to be derived from the same principles. It would, therefore, be
expected that the techniques would also share common sources of error when they are
implemented in a similar way. The above analysis uses the phase-stepping systems
proposed by Patterson and Wang as examplars. All the error sources analysed can
also be applied to other phase-stepping systems, such as those of Hecker and Morche

[1986], and of Asundi [1993]. For the one proposed by Sarma er. al. [1992], since a
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plane polariscope was employed, the errors associated with the quarter-wave plates
and the light source are not applicable in this case. Object step-loading system
proposed by Ekman and Nurse [1997] used the similar method as Patterson and Wang
[1991] and therefore shared the same error sources.

Point-by-point spectral contents analysis requires the broad band of
wavelengths to allow a comparison of a series of theoretical spectra with the
experimental one in order to find a solution with the best fit. So the errors associated
with the light source and the matching quarter-wave plates are not applicable. Also
because a sensor other than a CCD camera was used to acquire the light intensity, the
image acquisition part has different error sources.

For the Fast Fourier Transform (FFT) method [Morimoto et. al. 1994, Quan
et. al. 1993], the error sources existed in the phase-stepping system also exist in FFT.
They may bring different influence to the results due to a different implementation
method used. Object step-loading system proposed by Ng [1997] also have the same
error sources but may have different influences.

The RGB method [Ajovalasit et. al. 1995a, b, Ramesh and Deskmukh 1996)
uses a circular polariscope with the RGB camera to collect the colour images in white
light. All the analysis can be applied in this case except the part for the

monochromatic camera.
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7.2 System Evaluation

The influence of some of the error sources can be reduced by calibration and carefully
conducting the experiment, or by using a high quality instrument, while others are
inherent properties. The influence, however, will always result in the
misrepresentation of the observed images. From a point of view of every image, the
errors fall into two categories, one results in distortion of the image geometry and the
other introduces a deviation in the measured light intensity. The former is normally
negligible after calibration, while the latter can not be avoided in the whole system.
This section will first consider this combined effect on the measured light intensity,

then evaluate the accuracy of whole system.

7.2.1 Total Effect on the Measured Light Intensity
In the above discussion, the spatial and temporal variation of the light and
environment, the different sensitivity of the individual camera cells, thé digitisation
errors in the brightness level and the inhomogeneities of the optical elements were all
seen to contribute to the errors in the measured light intensity. It is difficult to
identify their individual effects and to assign a magnitude to each of them. However
the total effect on the light intensity can be estimated by studying a large number of
samples [Kamgar-Parsi et.al., 1993].

A standard conventional polariscope was used with a 15 inch field of view and
a sodium light source. The data was collected using a monochromatic CCD camera

(Panasonic WV-BP100), with a 25 mm lens. The compression disc was placed in the
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field of view and the light intensity fields were collected 100 times for each of the
phase-stepped images. The data along the diameter of the disc perpendicular to the
load was examined. Fig. 7.1 shows the distributions of the variations in light intensity
for all positions. From Fig. 7.1, the variation of the recorded data has an
approximately normal distribution with a mean of zero and variance of o’ =3.51.
There was no significant difference between the variations for the six phase-steps,
thus it can be concluded that the error sources are the same and the probabilities of

the errors occurring in each step are equal.

7.2.2 Error Distribution for the Isochromatic and Isoclinic Data

In the conventional polariscope, the fractional isoclinic angle 6 and the relative
retardation ay are determined by:

1 i1 i,—i
6, = —arctan-- = —arctan——=
2 i, 2 ig—1,

c

(3-16)

; i1,
; = arctan —————— (1 —1) <20 = arctan (1 —1) c0s20

(3-17)
Clearly, the errors in the recorded light intensity will influence the isoclinic

angle and the isochromatic fringe order. If dli, is used to represent the errors in the

nth image, then di; = di>= ..=dis= di. The total effect on the isoclinic angle can be

obtained from the differential form of Eq. 3-16, i.e.,

a6 o0 a8, a0, o6
d9='5—dl +— " d ?{dl5+5_d15_2a_d1 (7-1)

3 a, s 6 n=3
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This equation describes the error which would occur in the isoclinic angle, 6, when
each image has a small error in the intensity. Since statistically the errors are the same
for the six images, the errors in the light intensity have the same distribution as,

di, = di, =+-=di; = di~N(0, &) (7-2)
According to Appendix B entitled “The Distribution of Multivariate Normal Density

Function”, the distribution of errors in the isoclinic data E4 has a mean of zero and a

variance of g, that will be given by [Brown, 1983],

] 9 2
E, =—————expl-60- /20,
! J2r-o, p( ”)
where (7-4)
R N 20,
o =2.(7) 0, =
o Oi, (i, —is) +(’6"”4)

Similar expressions can be derived for the isochromatic fringe order:

1 b 2
E, = ————exp|-a /20,
“«~ Jreo. p( )

5. & 20, (7-3)
o= G o=

Iy _il)z +(, —is)z + (i "i4)2

where a and 6 are the computed values for the relative retardation and isoclinic angle,
and o is the variance of the image intensity (Fig. 7.1) from the multi-sample
experiments. So for an arbitrary point, the distribution of errors in the isoclinic and
isochromatic data can be estimated accurately using the values of the six intensities.
For a disc subject to diametral compression, the ideal isoclinic angle along the
central line perpendicular to the loading direction is O degree, i.e., is = iy, = is = i, the
denominator of the expression (7-4) is zero, hence there is no means to discuss the

error distribution along this line. Line CD, which is 9 mm above the central line, the
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diameter of the disc was 76 mm, was chosen. The resulting distributions of errors in
the isochromatic and isoclinic parameters are shown in Fig. 7.2. For the fringe order
of 1.5, the variance of the fringe order at this point was about 0.045. It can be clearly
seen that the largest variance values occurred in the region with integer or half fringe
orders and the magnitude of the variance depends on how near the fringe value isto a
integer or half. The variance of the isoclinic angle is up to 536 degrees. Again, the
variance in integer and half fringe orders is much larger than in other areas. The
distribution for the isoclinic angle in the other regions can be seen after removing the
two largest points (536 and 118 degrees).

In a similar way, the total effect of the measured light intensity on the isoclinic
angle and isochromatic fringe order for the PSIOS system can be derived from the

differential form of Eqs. 3-23 and 3-24.

7.2.2.1 The Digitisation Error in the Isochromatic and Isoclinic Data
In Section 6.4.3, the standard deviation caused by the digitisation error in the

isochromatic and isoclinic data was deduced as

hi l b 9

Ao,” = (@ ++ag) (6-26)
. 1 ,

Aoy’ = (6, ++6,7) (6-27)

Compared with Eqgs. 7-4 and 7-5, the deviation caused by the digitisation error in the

total deviation of the light intensity is obtained as:
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AO',I2 : Ac,’ 1

5y B - B 7-6
o, o, 120" (7-6)
For the case of a,.z =351,
A A
Ta 2% _1541% (7-7)
Ga 00

So, for the isochromatic and isoclinic data the deviation caused by the
digitisation error makes a 15.41% contribution to the whole intensity error. If it is
possible to reduce the variance of the light intensity by improving other experimental
conditions and performing a more careful experiment, then the digitiser will make

more contributions to the total error.

7.2.3 System Evaluation in Current Conditions

The factors that influence the system accuracy can be identified from the discussions
about the error sources and their contributions to the system. The accuracy of the
conventional polariscope and the PSIOS system can then be evaluated through the use
of disc model. The evaluation is based on the simulation of the disc, while the

simulation is firmly based on the experimental work.

7.2.3.1 The Conventional Polariscope
Assuming that the operation is perfect with respect to the system’s requirement or
specification, i.e., no alignment error is introduced, then for the conventional

polariscope, the mismatch of the quarter-wave plates to the sodium light source,
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nonlinearity of the CCD camera output and their combined effect on the measured
light intensity are considered as the main factors to influence the system accuracy.
Because the errors in the light intensity have a normal distribution with a mean of
zero, as stated previously, the combined effect on the isochromatic fringe order and
the isoclinic angle follows a normal distribution with a mean of zero. Hence, the
evaluation of system accuracy only takes account of the first two factors.

The evaluation i§ based on the simulation of the disc, while the simulation is
firmly based on the experimental validation. Referring back to Fig. 3.7, two disc
models, one with considering the mismatching of the quarter-wave plates to the
sodium light source and nonlinearity of the CCD camera and the other without any
error influence, were used to compare and to obtain the system accuracy. The
analysis results of the first model for the isochromatic fringe order and isoclinic angle
are shown in Fig. 7.3. The comparison of the two discs was made along the central
line of the disc and is shown in Fig. 7.4. For a fringe order of 1.5, the model including
the errors gives 1.408, and the accuracy achieved is 93.87%. If the fringe order at
sodium light source is converted to the one at the 560 nm matching wavelength, then

the accuracy increases to 99.23%. The errors in the isoclinic are less than 5 degrees if

the undefined zones are ignored.

7.2.3.2 The PSIOS System

In the PSIOS system, mismatch of the quarter-wave plates to the white light source

(named L1 in Chapter 5), nonlinearity of the CCD camera output, the allowed
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tolerance in the cube beamsplitter, the oblique viewing of the specimen by the
instrument and their combined effect on the measured light intensity are considered as
the main factors to influence the system accuracy provided that the spatial position
has been carefully calibrated. Again, the combined effect on the isochromatic and the
isoclinic angle due to the errors in the light intensity follows a normal distribution with
a mean of zero. So, the factors except the combined effect on the measured light
intensity are used simulate the errors in the disc.

The analysis results for the disc model are shown in Fig. 7.5. The wrapping
error is clearly observed in the high fringe order area. The comparison was again
made along the central line of the disc to the simulated model without any error and is
shown in Fig. 7.6. For a fringe order of 1.5, the model including errors gives 1.419,
and the accuracy achieved is 94.60%. The errors in the isoclinic angle are less than 6
degrees if the undefined zones are ignored. Unlike the conventional polariscope, the
errors in the fringe order can not be changed to the one at 560 nm, and the wrapping
errors at high fringe order regions limit the analysis to low fringe orders, normally less

than 1.5.

7.3 Conclusion

All of the error sources and their contribution to the system have been discussed. The
errors in the measured light intensity were studied and it was concluded that the error
distributions for the isochromatic and isoclinic data follow a normal distribution with a

mean of zero and variances as expressed in Eqs. 7-4 and 7-5.
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The accuracy of the conventional polariscope and the PSIOS system was
evaluated through the simulation of the disc, while the simulation was firmly based on
the previous experimental works.

For the conventional polariscope, the system accuracy can be 93.87% for the
fringe order, but if the fringe order at sodium light source is converted to the one at
the 560 nm matching wavelength, then the accuracy increases to 99.23%. The errors
in the isoclinic angle are less than S degrees if the undefined zones are ignored.

For the PSIOS system, the system is limited to the low fringe order, normally
less than 1.5 and the accuracy is 94.60% for the fringe order. The errors in the

isoclinic angle are about 6 degrees if the undefined zones are ignored.
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Fig. 7.3 The disc model shows the system evaluation for the conventional
polariscope
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CHAPTER 8

CONCLUSIONS AND
SUGGESTIONS FOR FURTHER
RESEARCH

The conclusions of this thesis are drawn in this chapter and suggestions for further

research are proposed.
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8.1 Conclusions

The error analysis and system improvements have been based on the following

guiding principles:

e To separate the system concerned into consecutive sections according to their
function;

e In order to investigate the nature of each section and the general relationship
between the output of the system and the system components, the formulation of a
general system set-up, within which the parameters of optical elements could
change arbitrarily, was deduced,

‘o All sections of the system were analysed so that the possible contribution of each
section to the errors in the final output of the system could be found;

o The analysis of each section was used to identify potential improvements to the
accuracy of the output;

e Because the system acts as a whole, and there is always a possiEility that an
unexpected miscondition could be involved in every section of the system. The
system evaluation was carried out based on the combined influence of all sections
of the system on the accuracy of the system output;

o To identify the contribution of each possible error to the final system output, a

model was used to simulate the errors and was employed throughout the research.
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8.1.1 Fundamental Theory for Photoelasticity
The general relationship for a polariscope with all the optical elements in an arbitrary
orientation was deduced using the method of Mueller Matrices. All the factors
associated with an imperfect optical apparatus or an imperfect optical arrangement
and which would result in errors in the isochromatic fringe order and isoclinic angle
were included. The study of this relationship indicated the inherent connectivity
among the optical elements and provided a knowledge of the errors.

The deduction of the general formulation also showed the common foundation
of the automatic techniques in photoelasticity and, consequently, these techniques

share many common €rror sources.

8.1.2 Error Analysis and Improvement in Each Stage

The automated phase-stepping system can be divided into four parts, namely the
optical system, the light source, the image acquisition equipment and the image
analysis software. All the possible error sources were investigated separately and the

methods for reducing the influence of the errors and improving the system accuracy

were presented.

¢ Optical system

In the conventional polariscope, the requirement of matching the light source to the
quarter-wave plate is very important, and a mismatch of 32 nm could cause 6% errors
for a fringe order of 1.5 and a 31 degrees error on the isoclinic angle. For the case

with less than 5 degrees linear misalignment and 0.1 degrees angular misalignment of
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the optic components, the influence of the misalignments could be restricted to less
than 0.02 on fringe order and 4 degrees on the isoclinic angle. (Section 4.1.7)

For the PSIOS system, the spatial alignment is very important because the
system can be used only after calibration. An alignment target was designed and
methods for calibration were provided. The transmission : reflection ratios for the
system were obtained and used to modify the intensity coefficients. The maximum
allowed tolerance of the cube beamsplitters have almost no influence on the fringe

order and produce less than 5 degrees of error on the isoclinic angle. (Section 4.2.5)

e Light source

The effect of the light source on the analysis was revealed. An ideal light source
should have a wavelength matched to the quarter-wave plate. However, if a white
light source has to be used, the form of the spectrum should have a high intensity in
the area adjacent to the matching wavelength and low intensity elsewhere and also
should be symmetrical about the matching wavelength. White light sources are
limited to low fringe orders if reliable results are to be acquired, typically 1.5 fringe
orders for £5% errors. The employment of medium-band filters could reduce the
errors both in the isochromatic fringe order and isoclinic angle significantly. For 40
and 80 nm bandwidth filters, the maximum fringe order could be measured increased

to 10 and 6 fringes with the same accuracy requirements. (Section 5.5)
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¢ Image acquisition

The sensor of the CCD camera shows nonlinearity of its output with respect to the
input light intensity and this results in the mismeasurement of the light intensity in the

darkest regions. Although no obvious influence is observed, it increases the difficulty
in applying interpolation on the undefined zones in the isoclinic parameter. (Section
6.2.5)

The amplifier has a function to control the brightness and contrast parameters.
The effect of adjustments using this function was revealed and the best values for the
parameters were provided. (Section 6.3.5)

The A/D converter limits the image resolution to less than 0.26 fringes per
pixel and makes a 15.41% contribution to the total errors in the measured light

intensity. (Sections 6.4.3 and 7.2.2.1)

e Image analysis

No errors were introduced by the image analysis procedure. However, the analysis
results may include some errors due to the accumulation of the errors in other parts.
A Gaussian smoothing filter was examined and found to be suitable to remove the

noise without losing the phase-stepping information in the images. (Section 6.5.7)

8.1.3 System Evaluation
The error distribution for the isochromatic fringe order and isoclinic angle was
deduced to be due to the errors in the light intensity measurements. The system

accuracy can be as good as 93.87% for the fringe order and the error less than 5
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degrees for the isoclinic angle in a conventional polariscope. The accuracy increases
to 99.23% if the fringe order in sodium light source is converted to the one for the
560 nm matching wavelength.

For the PSIOS system, the system is limited to the low fringe orders. For a
fringe order of less than 1.5, the accuracy is 94.60% for fringe orders and the error
about 6 degrees for the isoclinic angle if the undefined zones are ignored. (Section

7.3)

8.1.4 A Simulation of Errors

A simulation of a circular disc under diametral compression was built and used

throughout the investigation. This way of investigating the errors and their influence

has the following advantages:

1. It can separate the errors and their influence and then identify the contributions of
each error source to the whole system. This can reveal the intrinsic properties of
the errors and provide the methodology for reducing the errors.

2. It is very helpful in testing the effectiveness of a proposed method for reducing the

influence of an error.

8.2 Suggestions for the Further Research
The study of the error simulation indicates that even a tiny error will introduce a large
influence on the isoclinic angle in the zones of integer and half fringes due to its

undefined nature in this area. The errors in the isoclinic angle influence the fringe
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order, and sometimes may even introduce wrapping errors. This is a big disadvantage
of the phase-stepping method.

The employment of the Gaussian filter can improve the image quality
effectively and reduce the incidents of wrapping error. The implementation of the
image pre-processing technique to the automated photoelasticity would be very useful
for improving the system accuracy.

More effort is needed to remove or minimise the interaction of the isoclinic

angle and the isochromatic fringe order.
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Appendix B

Distribution of Multivariate Normal Density Function
The appendix describes the distribution of multivariate normal density function. First
consider the bivariate case.

Let X and Y be independent normal random variables with zero mean and

variance ¢, and o,°. The probability density functions of X and Y are expressed as

fi(x) and f,(y), respectively.

2

— exp(——) (A-1)
20

1
V2o, ,

f\ (x ) =

1 -y°
Sy )= —exp(——) (A-2)
r v2r-o,” P 20,7
Define another random variable Z as
Z =aX+bY (A-3)

where a and b are given constants.
Now for convenience, the two variables U and V are introduced, and defined as
U =aX (A-4)
V= bY | (A-5)
Equation Eq.(A-4) can be reversed and X can be rewritten as a function of U/
X=Ua (A-6)
The probabilities that X and U lie within corresponding differential regions must be
equal. That is,

P(X is between x and x+dx) = P(U is between v and u+du)

’
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or

rmfu (t)dt, for du positive

x+dx
I_ -/:\' (t) = u+du . (A-7)
¥ - J' Ju ()t , for du negative
The differential equivalent of Eq.(A-7) is
JoX)dX = fudu |u] (A-8)
where dix is assumed to be positive. From Eq.(A-8),
dx 1 u
Ju ()= o Sx (X)=H'f.y =) (A-9)
u a a

Substituting Eq.(A-1) into Eq.(A-9) and yields:

4

11 ~(u/a)’ 1 -
' =77 f - A- O
Sfo () lal 7m0 exp{ 2. J 27 . (ac,)? expl:z(aax)z J (A-10)

It can now be seen that transforming a zero mean normal random variable with a
simple scale factor yields another normal random variable with corresponding scale
change in its standard deviation. That is,

U~ N(0, (ac)’ ) where o = (ac)’

V~N@O, (bo)’ ) where 6. = (ba,)’ (A-11)

Now consider the probability density function for the sum of U/ and ¥, Which will
again be denoted by Z.

It is apparently that the probability of between z and z+dz should be equal to that

of U and V lying within the differential strip. Therefore,

P(z<Z <z+dz)= P(uandv lie in differential strip) = H So ) f, (v)dudv

Dift strip

(A-12)
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But within differential strip, {/is constrained to }” according to

U=z-v (A-13)
Also, since the strip is only of differential width, the double integral of Eq.(A-13)
reduces to a single integral. Choosing {/ as the variable of integration and noting that

dU/ = dZ leads to
P(z<Z<z+ds)= [ AT A u)dquZ (A-14)

The quantity within the brackets is the desired probability density function for Z.

Thus,
f.(@2)= [ [“foafz- u)du}dZ (A-15)

Noting that the integral on the right side of Eq.(A-15) is a convolution integral.
Thus, from Fourier transform theory, Eq.(A-15) can be rewritten as:

N(f2) = R(Sy) R (A-16)
Where R (*) denotes the Fourier transform of (*).

Using Fourier transform tables, the transforms of f; and ) are expressed as:

R(fy)=exp(-o,'w’ /2)

23 (A-17)
N(f,)=exp(-0, w" /2)
where w represents the frequency domain. Forming their product yields
R(fy) - R(f,) = expl-(o,” + o, w* /2] (A-18)

Then the inverse gives the desired f7:

1

[, =" expl-(0,’ +0,7 W /2]= T
& Pl V2r-(0,’ +0.")

exp[-z*/2(c,} +0.)]

(A-19)
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Note that the density function for Z is also normal in form and its variance is given by
c,,=c,+0 (A-20)
Substituting Eq.(A-11) into Eq.(A-20) and then
o, =(ac,)* +(bo,)’ (A-21)
Because the summation of any number of random variables can always be

thought of as a sequence of summing operations on two variables: it should be clear

that summing any number of independent normal random variables leads to a normal

random variable.



