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Abstract

In order to solve storage problem and improve time response of non-destructive testing
systems, real-time implementation of joint transform correlator by using compressed
reference images are theoretically and experimentally studied. Two images with different
spatial-frequency contents and contrast are used as test scenes. The results confirm feasibility
of implementing the correlator system with compressed reference images. However, the
effect of noise on the detection performance of the proposed system is more severe than that
of the compression. This may be caused by an additional speckle noise which is inherently

generated as a result of coherent nature of the optical system.
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Chapter 1

Introduction

1.1 Background and Significance

In the field of optical metrology, laser light has been widely used as a tool for non-destructive
testing. By illuminating objects or specimens being studied, its diffracted or scattered light is
detected and then analyzed in order to extract the desired information. One of useful methods
for performing non-destructive testing is an in-line holography [1-5]. In our previous work, a
new method for extracting automatically size of small object and its position from in-line
holograms by using joint transform correlator (JTC) has been proposed [6)]. In the proposed
method, the in-line hologram illuminated by a collimated laser beam is placed on three-axis
motorized stage controlled by a computer where a set of reference objects has been stored.
The reconstructed image of the target object originated from a certain 3-D location is
captured by a CCD sensor. The captured image of the target and the reference image stored in
a computer system are displayed side-by-side on an electrically-addressed spatial light
modulator (EASLM). The joint transform correlation of the target and the reference images is
then optically computed. When the size and shape of the target matches to the reference, the
JTC gives sharp correlation peak. Thus, the size and position of the target object can be
determined.

Although this method is indeed useful for analyzing irregularly shaped particles or
images, it suffers from several limitations such as: first, the process of displaying the target
and the reference images onto the EASLM introduces a time delay that is caused by a serial
nature of signal communication between the computer and the EASLM. This time delay is
dependent upon the file size of the images. Second, the analyzing system requires a huge
number of reference particles to be stored as database in the computer. Thus, the application
of the JTC to non-destructive holographic testing requires considerable storage capability.

One practical approach to solve these problems is to compress the reference images. By
applying digital image compression such as that developed by the Joint Photographic Experts
Group (JPEG) [7], the time delay occurred during a process of transferring the image from
the computer to the EASLM could be reduced and less storage will be required for storing the
database. Therefore, an implementation of the real-time JTC by using the compressed
reference images has advantages in that it reduces stringent requirement of the storage and

speeds up the recognition time. However, in image compressions, the number of bits needed



to represent an image ts reduced by discarding spatial and spectral redundancies. As a
consequence, the loss of information contents of the reference image may degrade the
correlation performance of the JTC. Therefore, the experimental study of the effects of image

compression on the JTC 1s indeed important.

1.2 Objectives
1. To study experimentally performance of the JITC with compressed reference images for

non-destructive testing

2. To study effect of noise presence in the target and contrast difference between the target

and the reference images

1.3 Scope

Two images with different spatial-frequency contents and contrast are employed as a
target and a reference images. In practice, use of CCD image sensors for capturing input
targets from outside world gives non ideal images. Thus, this work takes into account a
presence of noise in the input and a contrast difference between the target and the reference
that may rise due to unbalance illuminations. Single- and multiple-target detections are done
by means of computer simulations and experiments. The reference images are compressed
into the JPEG file format by using ACDSee software (ACD Systems Ltd.) with different
quality factor (QF) whose value is varied from 100 to 0. High value of the QF discards less
information than that of the small value. Thus, the higher the value of the QF, the better the

image quality and the bigger the file size of the compressed image.

1.4 Expected Benefit
The result obtained from this research project can solve storage problem and improve

time response of non-destructive testing by using joint transform correlator with compressed

reference images.



Chapter 2

Joint Transform Correlation

The JTC was first proposed by Weaver and Goodman in the 1960’s {8]. In the JTC, two
spatial patterns to be correlated are placed side-by-side in the front focal plane of a Fourier
transforming lens. By illuminating these patterns with a collimated coherent light, a joint
Fourier spectrum is produced in the back focal plane of the lens. The produced joint Fourier
spectrum of the two patterns is then recorded on a photosensitive medium, such as
photographic film, installed at this plane. Finally, the recorded power spectra are optically re-
Fourier transformed to produce the output correlation. The correlation consists of three terms:
the dc term, and two symmetric cross-correlation of the two patterns. The locations of the
symmetric terms are related to the locations of the target and the reference patterns in the

input plane.

EASLM
T " : | "-a SENSOr
Laser ' = ' L e
A Beam -
expander

Computer
system

Figure 2.1 A schematic diagram of an optical setup for performing experimental

verifications of the JTC with compressed reference images.

Figure 2.1 shows an optical setup for implementing the real-time JTC with the

compressed reference images. In our proposed JTC, the input target #(x,y) and the
compressed reference r.(x,y) images are displayed side-by-side onto the EASLM. They can
be mathematically written as

f(x,y)=ro(x—xp, y) +1{x + x4, ), (1)



where x, corresponds to the position of the images in the x direction. Under a presence of an
additive white Gaussian noise n(x,y) at the input target and a contrast difference between
the target and the compressed reference images, the joint input image can be rewritten as
Jx,y) =ro(x—x,, ) +cpt(x+x,, )+ n(x+x,,y), (2)
where ¢, is the amplitude ratio of the target to the reference images. The factor ¢, becomes

greater, equal, or smaller than 1 when the contrast of the reference image is lower, equal, or
higher than that of the target, respectively. After a Fourier transformation by the lens L,, the
JPS captured by the CCD sensor 1s found to be

Uu,v) =|Re @, v)|* + 2T, )| +[N G|

+c,;. T (u,vIN(u,v) + ¢, T(u,v)N " (u,v)

+ o [Re (V)T (u,v)exp(—j2ux,) + T(u, V)R (u,v) exp(j2ux, )]

+ R (u, V)N (u,v)exp(—j2ux, ) + N(u,v)R. (u,v)exp(j2ux,), (3)
where (u,v) are the coordinates at the Fourier plane. R.(u,v), T(w,v) and N(u,v) are the
Fourier transforms of the compressed reference, the target, and the noise, respectively. By
displaying the captured JPS onto the EASLM, the second Fourier transformation produces
the correlation output at the back focal plane of the lens L,. The correlation signals
corresponding to the sixth, seventh and eighth terms of Eq. (3) can be expressed as

I(x,y) = crlrc (x, y)*t(x, ) * S(x £ 2x))+ rc (x, y) * nx, y) * 6(x £ 2, ) (4)
where * denotes correlation. The first term of Eq. (4) corresponds to the desired correlation

of the input target with the compressed reference which is scaled by the contrast difference,

while the second one is the unwanted correlation of the compressed reference with the noise.
Since both terms appear at the same position of +2x,, Eq. (4) indicates that besides the
image quality of the compressed reference r.(x,y), the correlation output depends on both

the contrast and the noise. Therefore, it is important to measure the effects of image

compression on the correlation performance of the JTC.



Chapter 3

Materials and Methods

3.1 Image Compression
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Figure 3.1 Compression ratio and decompression time of the JPEG compressed

(a) human face and (b} fingerprint images as a function of the QF.

Human face and fingerprint images were used as the test scenes with low and high spatial-
frequency content. The size of each image was 23 Kbytes and consisted of 124x186 pixels

with gray scale levels. Figures 3.1 (a) and (b) show the compression ratios of the human face



and the fingerprint images and their decompression times as a function of the QF. The
compression ratio is defined as the ratio of the uncompressed to the compressed file sizes and
the decompression time are represented by the solid and the broken lines, respectively. High
compression ratio corresponds to a smal! size of the compressed image. It is clear from the
figure that the compression ratio of the human face and the low-contrast images are higher
than that of the fingerprint and high-contrast images, respectively. This is due to fact that
either the human face or the low-contrast image contains less high spatial-frequency
components compared to the fingerprint or the high-contrast image, respectively. Since the
JPEG compression is achieved by discarding high spatial-frequency components of digital
images, both the human face and the low-contrast images suffer more loss.

The decompression time is a total time required to load the compressed reference images
from a hard disk into memory and to decompress them. The time measurements were done by
a routine written in Delphi 7. The routine employed a counter utility function of Jedi Code
Library [8] as a time counter, while the ImageEn Library was used for image decompression
[9]. The time measurements were preformed on Windows-based personal computer with a
CPU AMD Athlon 1.8 GHz. By taking the compression ratios into account, it is understood
that the decompression time of the compressed high-contrast fingerprint becomes longer than
that of the low-contrast one. As the compression ratio becomes smaller, the decompression
time reduces. By compression, the decompression time can be minimized by approximately
1.5 times. The figure verifies the usefulness of the compression for improving time response

of the real-time JTC systems.

3.2 Computer Simulations and Experimental Verifications

A computer simulation was conducted by computing the joint transform correlation of the
target and the compressed reference images with Matlab 5.0 mathematical software. The
Fourier spectrum of joint input images consisting of the target and the compressed reference
images was first calculated. The power of the resultant Fourier spectra was then computed.
The result was inversely Fourier transformed in order to produce the correlation function.

By measuring a ratio of a correlation peak-to-standard correlation deviation of the
correlation function and the primary-to-secondary peaks ratio for each corresponding
compression quality, the performance of the JTC was quantitatively studied.

In an experimental study, an optical setup shown in Fig. 2.1 was employed to compute the
correlation. The target and the compressed reference patterns were displayed side-by-side on

a Jenoptik SLM-M/460 electrically-addressed spatial light modulator (EASLM) placed in the



front focal plane of the Fourier transforming lens. Its resolution was 832 x 624 pixels with
the pixel size of 27 x 23 um and the pixel pitch of 32 x 32 pm. The collimated coherent light
generated from a HeNe laser operating at wavelength of 632.8 nm was used to illuminate the
EASLM. The generated joint Fourier spectra was then recorded by an eight-bit Pulnix TM-
2016-8 CCD sensor having a pixel resolution of 1920 x 1080, pixel size and pitch of 7.4 x
7.4 um. By redisplaying the recorded Fourier spectra onto the EASLM, the correlation output

was finally produced at the back focal plane of the lens.



Chapter 4

Results and Discussion

4.1 Computer Simulation Results

Condition of Single-Target Images

Compressed Noise Free Noisy
Reference
Image High Low High Low
contrast contrast contrast contrast
High-Contrast Sudden and
Fingerprint Gradual Gradual significant Severe
Low-Contrast Sudden and
Fingerprint Sudden Sudden significant Severe
High-Contrast No No No No
Human Face
Low-Contrast Very Very Very Very
Human Face small small small small

Table 4.1 Performance degradation of the single-tarzet detections

by using the JTC with compressed reference images.

Computer simulations were first performed to study the effect of reference compression on
the single- and the multiple-target detections {10,11]. Human face and fingerprint images
with different contrast were prepared and duplicated into the target and the reference images.
In the case of the multiple-target detection, the input scene contained two different images
with one of them was identical to the original reference image. From the four types of
reference images, the compressed low-contrast human face and the high-contrast fingerprint
have the highest and the lowest compression ratios, respectively. The compression ratio of
the high-contrast human face is slightly higher than that of the low-contrast fingerprint for the
low QF.

The simulation results of the single-target detections show that the effects of compression
of the high-contrast human face reference on the detection performance is not significant for
all given target scenes. Although the detection performance of the JTC by using the
compressed low-contrast human face decreases at the low QF, the degradation due to the

noise presence and the contrast difference is small. Besides being sensitive to noise, the



correlation performance of this correlator depends on the compression, where the degradation
for the low-contrast fingerprint is more significant in comparison with the high contrast. The

performance degradation of the correlator used for single-target detection is summarized in
Table 4.1.

Condition of Multiple-Target Images
Compressed Noise Free Noisy
Reference
Image High Low High Low
contrast contrast Contrast contrast
High-Contrast Gradual and Gradual and
Fingerpr'mt Gradual signiﬁcant Signiﬁcant Severe
Low-Contrast Sudden and | Sudden and
Fingerprint Sudden significant significant Severe
High-Contrast
Human Face No No No No
Low-Contrast Very Very Very Very
Human Face small | small small small

Table 4.2 Performance degradation of the multiple-target detections

by using the JTC with compressed reference images.

The performance degradation of the multiple-target detection using the JTC with
compressed reference images is summarized in Table 4.2. When the reference image has low
spatial-frequency contents such as the human face image, the effects of compression of the
reference on the multiple-target detection by using this correlator is not significant for all
given target scenes regardless of the noise and the contrast difference. This is an agreement
with the previous study of the single-target detection. Our study shows that in contrast with
the use of the compressed reference with low spatial-frequency contents, the multiple-target
recognition by using the compressed reference with high spatial-frequency contents is not
only determined by the contrast, but also the noise and the compression as well. Finally, it is
worth mentioning that the compression of the low-contrast reference with high spatial-

frequency contents may yield false alarms.

4.2 Experimental Results
The experimental verifications of the single- and the multiple-target detection by using the

JTC with compressed reference images were accomplished by using the optical setup shown



in Fig. 2.1 [12]. Unlike the simulation works, the low-conirast image was not employed,
because limited contrast ratio of the used EASLM prevented efficient display of images with

small variation of gray-level pixels.

4.2.1 Single-Target Detections

g

150

Hxy)
g

Figure 4.1 Experimental results of the single-fingerprint detection. (a)
Autocorrelation output of the uncompressed fingerprint and cross correlation
outputs by using the compressed reference (QF = 10) under a situation that the

target is: (b) noise free and (c) noisy (o*=1).

Figures 4.1(a), (b), and (c) show the experimental results of the fingerprint detections.
The autocorrelation peak of the uncompressed fingerprint shown in Fig. 4.1(a) is almost
two times higher than the cross correlation peak generated by using the compressed
fingerprint with QF = 10 shown in Fig. 4.1(b). This is the effect of the compression that
degrades the reference image. Figure 4.1(c) shows the output of the correlation of the
noisy fingerprint target with variance o® =1 and the compressed fingerprint reference
with QF = 10. It is clear that the correlation peak is degenerated. This is because
besides the additive noise, the sinusoidal fringes of the joint power spectra are
corrupted by a speckle noise that is inherently generated by light scattering and multiple
internal reflections from the EASLM]1 and the surface of the sensor. Therefore, the

correlation peak cannot be detected.

10
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Figure 4.2 Experimental results of the single-human-face detection. (a)}
Autocorrelation output of the uncompressed human face and cross correlation
outputs using the compressed reference (QF = 10) under a situation that the target

is: (b) noise free and (c) noisy (c?=1).

The experimental outputs of the single human face detection are shown in Figs. 4.2(a), (b),
and (c). When the noise-free human face target is detected by the reference image
compressed at QF = 10, the correlation output shown in Fig. 4.2(b) decreases slightly.
However, its peak is almost as sharp as the autocorrelation output shown in Fig. 4.2(a). In
comparison with the outputs of the fingerprint detections shown in Fig. 4.1, the correlation
planes of Figs. 4.2(a) and (b) appear to be noisier. This occurs because in order to capture
more fringes in the higher frequency components, the recording of the joint power spectra is
done without a use of a ND filter. Consequently, the low-frequency components of the joint
power spectra are clipped. As the clipped power spectrum is subsequently displayed onto the
EASLM, besides more light is diffracted more speckle noise occurs at the correlation output.
Thus, although the peak height is high the speckle noise increases. Moreover, as a blocking
artifact {7] caused by the compression increases, more low-frequency components of the
power spectra are clipped. This in turn increases further the speckle noise. The correlation
output of the noise-corrupted target with the variance o® =1 is shown in Fig. 4.2(c). For the

same reason as before, the correlation peak can not be observed.

I



4.2.2 Multiple-Target Detections

Figure 4.3 Experimental results of the multiple-fingerprint detection. (a)
Comrelation output by using the uncompressed fingerprint reference. (b-c)
correlation outputs by using the compressed reference (QF = 10) under a situation

that the target is: (b) noise free and (c) noisy (c?=1).

Figures 4.3(a), (b), and (¢) show the experimental outputs obtained from the detections of the
multiple-fingerprint. The correlation output shown in Fig. 4.3(a) consists of two distinctive
peaks with different heights. The peak with higher height corresponds to the autocorrelation
of the uncompressed high-contrast fingerprint, while the low peak is generated by the cross
correlation of the reference and the non-target fingerprint. The correlation peaks obtained
from the detection of the target and of the non target are referred as the primary and the
secondary peaks, respectively. The decrease of both correlation peaks caused by the detection
of the noise-free multiple-fingerprint by the compressed reference with QF = 10 can be seen
from Fig. 4.3(b). Figure 4.3(c) shows the detection of the noisy multiple-fingerprint target
with variance o* =1 by using the reference compressed at QF = 10. It shows that no apparent
Correlation peaks are detected. In particular, the secondary correlation peak is minimized.
Figure 4.4(a) shows the 3-D plot of the correlation outputs of the multiple-face detection
using the uncompressed human face reference, while Figs. 4.4(b) and (c) illustrate the

Correlation outputs using the compressed reference with QF = 10. It can be seen from Fig.

12



4.4(a) that the primary correlation peak intensity is higher and sharper than that of the
secondary peak. When the reference is compressed, the degradation of the primary peak
intensity shown in Fig. 4.4(b) is insignificant compared to the secondary peak. However,
when the multiple-target is strongly corrupted by the noise, there are no observable

correlation peaks that can be seen from Fig. 4.4(c).

Figure 4.4 Experimental results of the multiple-human-face detection. (a)
Correlation output by using the uncompressed human face reference. (b-c)
correlation outputs by using the compressed reference (QF = 10) under a situation

that the target is: (b) noise free and (c) noisy (5=1).

13



Chapter 5

Conclusions

Real-time implementation of the JTC by using the JPEG-compressed reference images has
been studied and experimentally demonstrated. The experimental results confirm the
feasibility of implementing the JTC with compressed reference images. However, unlike the
simulation results, the effect of the additive noise on the detection performance of the
proposed JTC is more severe than that of the compression. This may be caused by the speckle
noise which is inherently generated as a result of light scattering and multiple internal
reflections that come from the EASLM and the CCD sensor. This study reveals that the
storage problem and the time response acceleration of the non-destructive testing can be

solved by using the JTC with compressed reference images.

14
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