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i
Abstract

In order to solve storage problem and improve time response of holographic
metrology, compression of digital in-line- holograms by using lossy-JPEG algorithm is
studied. Error of measurement of recording distance and its corresponding reconstructed
image obtained from compressed in-line holograms are quantitatively studied for given
compression levels. Desired information is retrieved by using complex amplitude based
numerical reconstruction method. The results shéw that the hologram could be compressed

by about 90 times smaller. without causing significant degradation.
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CHAPTER 1

INTRODUCTION

1.1 Background and Significance
In the past decades, applications of in-line holography to the study of dynamic micro-objects
[1], fog and cloud droplets [2,3], aerosol [4], oceanic particles [3] have been reported. The
technique provides a useful method for storing information, size and relative position, of a
three-dimensional (3-D) -distribution of objects in holographic plate. In in-line particle
holography, opaque or semi-transparent partictes are illuminated by a collimated coherent
light. By recording an interference pattern produced between light waves diffracted from the
particles and the light wave transmitted directly onto photosensitive media such as
holographic film, a hologram of the particle is generated. In order to study the objects
rigorously, the developed hologram .is re-illuminated by the same coherent light. The
stationary image of the object is reconstructed at the same distance as the recording distance.
Since, in general, this distance is not known in advance, the image plane of best focus for
each object must be investigated by scanning the overall depth along an optical axis with tine
steps. Since the conventional reconstruction process 1s very tedious and time consuming,
computer-based algorithm can be employed to perform automatic analysis and measurement,
Recently, with technological advancement of charge-coupled device (CCD) image
sensors, it is now possible to record ho]ograms. by the CCD and extract its information
digitally by using either numerical reconstruction [6-8] or signal processing approach [9,10].
This digital approach has advantages over the conventional holography in that it is frec from
wet chemical development and no optical reconstruction is needed. In the case of the
numerical reconstruction method, the amplitude and the phase of particles can be obtained by
solving the Fresnel diffracti.on integral of the digitized .holograms at consecutive depth along

the optical axis. From the numerical standpoint, the diffraction integral can be solved either



by convolving the digitized helograms with the Fresnel diffraction kernel or by taking a
discrete Fresnel transform.

In order to perform faithful reconstruction, the interference fringe spacing must be
resolved in the recording by the CCD sensor. This leads to the use of the CCD sensor with
mega pixel resolution. As a consequence, the recorded digital hologram requires considerable
storage capacity, because the resultant file size may exceed several megabytes. Furthermore
in real-world situations, we may have to deal with optical testing in which a huge number of
in-line digital holograms may have to be transferred from remote locations and/or hostile
environment. This requires an interface system with high bandwidth and data transfer rate. To
solve these problems, we enviston a use of a lossy image compression such as a joint-
photographic experts group (JPEG) [11] to reduce the file size of the digital holo.grams. The
reason behind this is based on our previous study of compression of digital specklegrams
which reveals that the specklegrams can be compressed into the JPEG format by manifolds
without distorting significantly displacement information [12].' However, although the IPEG
compression algorithm offers a practical solution for the storage problem dnd its format s
widely supported by the CCD sensors and digital cameras, the compression achieved by
discarding permanently image details.

Since the JPEG algorithm degrades the quality of the image being compressed, it is
important to study quantitatively the effects of compression on information retrieved from the
compressed in-line holograms. Our focus is on the resultanl mcasurement of the recording
distance and the reconstruction of the image by using the numetical method.

1.2 Objective:

[. To study quantitatively effects of compression on digital specklegrams
2. To determine the smallest compression that can be done without causing significant

degradation of information content



1.3 Scope

In order to study the effects of compression on the desired inlormation, the in-line
holograms of an opticat fiber with a radius « of 62.48um were generated at the recording
distance z of 9 and 34cm by using a laser light opérating at a wavelength of 543.5nm. The
‘opuical 1iber was oriented along the vertical direction and -its interference pattemn was
captured by the Hamamatsu C5948 CCD camera with the resolution of 640 x 480 pixels in
the area of 8.3 x 6.3 mm. The recorded holograms were saved in TIFF file format with the
pixel depth of 24 bits. The size of each digital hologram: was about 904 Kbytes. The
compression of the digital specklegrams is done by using a lossy-JPEG algoriﬂnn, because it
produces a higher compression ratio than the lossless compression. Error of measurement of
recording distance and its corresponding reconstructed image oblained from compressed in-
line holograms are quantitatively studied for given compression levels.

1.4 Expected Benefit
The result obtained trom this research project will significantly reduce practical and

technical problems of application of holographic metrology in tndustries.
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Chapter 2
Method

Figures 1(a) and (b) show the in-line holograms of the optical fiber recorded at the distances z
of 9cm and 34cm, respectively. The transmittance function of thesedholograms can be

expressed as [1]
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which consists ol'a modulation of a chirp signal by a sinc function. In Eq. (1) the frequency
of the chirp signal is equal to x//z, while the zero-crossing positions of the sine function are
determined by a factor Az/2a . In comparison with Fig. 1(b), the hologram recorded at a short
distance consists of the sinc function with a narrower spatial size and a rapid decrease of the
fringe spacing. When the spatial position x increases, the spatial frequency of the chirp signal
will eventually become .highe'r than the sampling frequency of the CCD sensor. As the fringe
spacing becomes finer, the fringes at the higher-order side lobes are under-sampled. aliasing
error occurs in which the higher frequencies ol the chirp signal are detected as lower
frequencies [13]. As a consequence, the fringes shown in Fig. | (aj is significant only around
the main lobe of the sinc function, whereas at the higher-order side lobes they are hard to be
observed. [n contrast, it is obvious that the amplitude variation of the fringes up to the first-
order of the side lobe can be observed from Fig. [(b). Therelore, this implies that the
hologram recorded at the distance z = 34 cm contains more high spatial- frequency
components.

The in-line holograms were then compressed into the JPEG file format by using
ACDsee software version 3.1 in which the compression quality is determined by a parameter
called the quality factor (QF) whaose value can be varted 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 ol the compressed image. Figure 2
shows the compression ratio (CR) and the bit rate (BR) as a Junction of the QF of the
holograms, respectively. The CR is defined as the ratio of the uncompressed file size to the
compressed file size, while the BR is the average number of compressed bits/pixel [11]. By
decreasing the QF, the average number of bits used to represent each pixel shown by the BR

becomes lower. As a consequence. the value of the CR bucomes higher.,
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Fig. 2.2 CR and BR of the compressed in-line holograms as a function QF

It is clear from Fig. 2 that the CR of the hologram recorded at the distance z = 9em is
higher than that of the hologram recordéd at 3dcm. This is due o the fact that the hologram
recorded at a shorter distance contains less high spatial-frequency components. The
quantization procéss done on the hologram recorded at a shorter distance yields more zeroes
of the AC components of the spatial frequency. As a consequence, the run length coding and
the Huffman coding can encode efficiently the redundant zeroes.

In this work, the lowest QF produced the compressed file of 4 Kbytes, while the
Iligi1est QF gave about 141" Kbytes. The compressed holograms corresponding to Fig. 1(a)
and (b) with the QF = 50 are shown in Figs. 3(a) and (b). respectively. It is obvious that it is

hard to observe the effect of compression.
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Chapter 3

Analysis

The compressed holograms were numerically reconsiructed by convelving their
transmittance function with the Fresnel diffraction kernel A,(x.)). All computations were
conducted by using the Matlab 6.1. In order to find the correct recording distance, the
variance of the imaginary part of the complex amplitude ¢(v.y) is investigated at consecutive
depth z along the optical axis. When the variance is minimum, the reconstruction distance z
employed in the Fresnel diffraction kernel A,(x,y) 1s exactly the same as the recording
distance. In fact, this approach is equivalent to searching the in-focus image plane of particles

reconstructed from the hologram.
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Fig. 3.1 Error of measurement of recording distance = as a function of QF

for compressed holograms with different recording distance.
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Fig. 5.2 Reconstructed images fron the original holozrams with szcording Jdsiance (a) 9em
and (b) 34cm. and rom compressed holograms with ¢ = 30 recorded «t (2} Yem and

(d) 3dcm.

The error of measurement of the rezording distanc: from the conmipressed holograms
was caleulated by comparing its measured distance with the resutans value ebwined lrom the
corresponding original hologram. Figure 4 shows toe error ol measurement cf the distance =
as a function of the QF for the holograms recorded at two different distances. In general. the

error of measurement of the recording distance increcses os the Q0 decrenses. bewise mare



image information is discarded trom the compressed holograms. However in the case of the
compressed hologram recorded at the distance = = 9em. the crror and its rate of change are
higher than that of the holograms recorded at 34em. As discussed before, the hologram
recorded at shorter distance can be efficiently compressed than the holograms recorded at
longer distance. This implies that for the same value of the QF. more fine detail of the fringes
is discarded from the hologram recorded at shorter distance. Since the degradation of the
fringes is more significant, the error of measurement of the recording distance increases.

Figures 5(a) and (b) illustrates the images of the fiber reconstructed from the original
holograms recorded at the distance z = 9cm and 3dcm, respectively, Whereas the
rcconstructed images from the corresponding compresscd holograms with the QF = 50 are
illustrated in Figs. 5(c) and (d). In comparison with Fig. 5(a), the reconstructed image from
the original holograms recorded at the distance z = 34cm shows better quality. This may be
caused by the aliasing error occurred in the hologram recorded at the short distance. Although
the file size of the compressed holograms has been reduced by about 90 times with its BR of
about 0.2 bits/pixel, the numerical reconstruction can produce the image of the optical fiber
with the quality as high as the reconstructed images of the onginal holograms. It can be
observed that the image degradations occurred for the holoprams recorded at the short
distance is higher than that of the longer distance, however they are also not severe.

[n order to quantify the effect of compression, the mean square error (MSE) defined

as [14]

N

M
MSE =———%"

1 o
Yy . [/ (m,m) = 1 Omm)] (2)

m=l n=

was computed for each recaonstructed image from the compressed holograms. Here fm,n) and
J'(m,n) stand for the original and its compressed image files, respectively. The MSE which

has been widely used for objective image evalualion mcasures the difterence belween the

10



original and the compressed versions. A large MSE means that the degree of difference
between the original image and its compressed versions s high, Fieure 6 shows the variation
of the MSE as a function ot the QF for the compressed holograms recorded at two aiff61'elat
distances. It is clear that the MSE and its rate .of change are small for the compressed
hologram recorded at the aistance z = s4cm tan that of the sharier distance of 9em. Thus the
umage of the optical fiber can be faithfully reconstructed from the compressed hologram
recorded at longer distance. This is in a good agreement with the error of meusuremént of the
recording distance shown in Fig. 4 in that the higher the error of measurement, the larger the
MSE. This is caused by the reconstruction process which used the measured distance z. When

the error of the measured distance was high, the image couid nol he correctly reconstructed..
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Fig. 3.3 MSE as a function of QF for compressed holograms wilh different distance z.
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[n sumumary, the error of measurement of the recording distance and the MSE of the
reconstructed tmage are higher for the compressed holograms recorded at the shoiter distance
than that of the longer distance. This is caused by the fact that the interference pattern at short
distance contains narrow fringe spacing. Since the resolution of the CCD sensor is limited.
the digital holograms are under sampled. Aliasing error occurs. Therefore, the cffect of
compression on the retrieved information is more significant for holograms recorded at the

shorter distance than that of the longer distance.



Chapter 4

CONCLUSIONS

Quality of mformation retrieved from the JPEG-compressed in-line holograms has been
objectively evaluated. The resuits show that the error of measurement of recording distance is
as small as 1% and the image of the fiber can be faithfully reconstructed from the compressed
in-line holograms even the file size oft_he compressed holograms has been reduced by about
90 times with its BR of about 0.2 bits/pixel. This can be achicved provided the resotution of
the CCD sensor is enough to sample the interference fringes so that the aliasing error does not
accur. Therefore, high JPEG compression can be employed [or solving storage and data

ransfer problems.
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Research Progress Report
1 October 2000 — 18 February 2002
Request for the payment of research allocation for fiscal year 2544, 2™ installment
e —
1. Name of Project:
nsAngNRTuinuUUAIseataseeliraadnuus: neun2 Maemmsalalawnsy

Study of Digital Recording of Optical Signals: Part 2. Compressed Holograms

2. Principal investigator:
Asst. Prof. Dr. Joewono Widjaja

3. Contact address:
School of Laser Technology and Photonics
Institute of Science
Tel: 4194
Email: widjaja@ccs.sut.ac.th

4. Objectives:
4.1 To determine a technique for recording hologram by using CCD image sensor
4.2 To determine an algorithm for compressing digitized holograms
4.3 To determine effects of compression on digital holograms

5. Project plan:

Topic 10-03/01  04-09/01 10— 03/02 04-09/02
Determine a technique for recording X
holograms by the CCD sensor

Determine  an  algorithm  for X

compressing digitized holograms

Determine effects of compression X P
on digital hologram

Collect results and summarized X

6. Completed research work: :
6.1 Optical technique for recording holograms by the CCD sensor has been determined.
6.2" Algorithm for compressing digitized holograms has also been determined.

7. Current results

7.1 Surface of conventional CCD sensors is protected from dust and damage by a glass
cover. Since hologram is recorded by using a coherent light, the light reflected from
the CCD surface and the glass cover may interfere. This causes unwanted
interference pattern which is superimposed on the desired hologram. In order to
cancel the unwanted interference pattern, the glass cover of the CCD surface must
be replaced by a fiber optic plate which guides the incoming light according to the-
law of total internal reflection. Therefore, it prevents the unwanted interference
pattern to occur.

7.2 In-line holograms of an optical fiber with a radius of 62.48 um have been optically
generated. The illuminating coherent light was operating at a wavelength of 543.5



nm. The generated holograms were recorded by using the CCD image sensor. The
digitized holograms were stored into a computer system for compression.

7.2 Lossy image compression by using JPEG algorithm provides a high compression
ratio. It could compress effectively image file. Therefore, it is suitable to handle
large size image file such as digitized holograms. Several holograms having
different compression quality have been compressed into JPEG format.

8. Progress of the project from the beginning: 40%

9. Expected benefits from research projects:
This project will study effects of image compression on digital holograms. The result
obtained from this research project will significantly reduce practical and technical
problems in industrial applications of optical and holographic metrology.

10. Problem, obstacles, and proposed solution: NA

11. Next plan and activities:
11.1 Study of effect of compression on digital holograms is being conducted. First, the
mean square error is being used to compare the difference between the compressed
and original holograms.
11.2 Second, correlation between the original and the compressed holograms will be
computed. [ts peak-to-correlation ratio which describes the similarity between two
holograms will be measured. .

11.3 Finally, a wavelet transform of the hologram will also be calculated in order to
retrieve the desired information such as the spatial position and the size of the
optical fiber. Errors of the measurement will then be determined.

12. Opinion and suggestion: NA

Dr. Joewono Widjaja

Principal Investigator
14 February 2002
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Research Proposal/Request for Funding for Fiscal Year 2001

Category of research  : [ x ] Research for National Development [ ] Other research

Primary research plan : Infra-structure development in science and technology

Secondary research plan: Promoting the use of science and technology in major manufacturing
process

Part 1: Details of research project
1. Name of Project:
ar g aa & = & .
nTANBINISTURNLU LA AaRTRRRURRRRTNLUR: Aaun2 lEanmnsalalannsy

Study of Digital Recording of Optical Signals: Part 2. Compressed Hologram

2. Responsible organization and address:
2.1 Organization: Suranaree University of Technology
2.2 Address  : School of Laser Technology and Photonics
[ 11 University Avenue, Nakhon Ratchasima 30000
2.3 Telephone : 044-224194
2.4 Facsimile : 044-224185
2.5 Email : widjaja@ces.sut.ac.th

3..Biographical data of principal investigator:
3.1 Name : Joewono Widjaja
3.2 Position  : Lecturer
3.3 Workload : Proposed research will require approximately 20% of the PI’s time

4. Connection to larger project: None

5. Collaborative organizations: None

6. Type of research: Applied

7. Academic field: Engineering and indusirial research

8. Keyword in research projects:
8.1 Digital holography
8.2 In-line hologram
8.3 Data compression

9. Background and literature survey:

In the field of optics, holography is widely known as a very useful method for
storing the amplitude and the phase-related information of an object by recording an
interference patterns of two optical waves the so-called as the reference and the object
wave fronts on a holographic film, photopolymers, photorefractive crystals, or other
similar medium [1]. The developed film known as a hologram will then contain a three-
dimensional (3-D) interference pattern. In its development, the holographic film and
photopolymer use a chemical developer. Although the photorefractive crystal is free
from a wet process, its holographic information is easily erased by the readout wave
front. In order to preserve the stored information, a nondestructive readout must be done
by special fixing technique [2]. Therefore, despite there are many useful applications of



the holographic technique, researchers are still looking into new media for holographic
storage where it could store in the easiest way and chemical free. In order to retrieve
back information of the object, the hologram 1s readout by the original reference wave
front. Therefore, the conventional holography is an imaging techn'ique that involves a
two-step optical process, the recording and the reconstruction of wave fronts.

The holograms have been extensively used in our modem world. One of the
most noticeable uses is that of a security measure. Many currenc1es have an embossed
holograms to prevent forgery and major credit card companies use holograms on their
card to prevent copying [3]. Another use of holograms is that of artificial neural
network, where an associative nature of the hologram, eg. between the reference and the
object waves, is analogy to the cognitive ability of human brain [4] As a memory the
hologram is now believed could conceivably store hundreds of billions of bytes of data,
transfer them at a rate of a billion or more bits per second and select a randomly chosen
data element in 100 microsecond or less. In the holographic 3-D memory, 2-D page data
is coded and distributed to the whole memory space. If we consnder that the memory
consists of layers, the page data can be stored in each layer with different coding [5].
Moreover in the field of optical metrology, in-line holography is widely used in particle
field analysis. Typically, the hologram of a volume containing the particles of interest is
made and then a stationary image of that volume is reconstructed from the hologram so
that one cane study the particles under investigation at leisure. Thus the in-line
holography is indispensable in quickly changing condition of measurement because it
allows careful examination of a frozen 3-D image.

In our previous proposed research project, we investigate the feasibility of
recording specklegram by using the digital data compression technique. However, in
practice the average size of speckles is larger than the spacing of gratings of the
interferograms. Thus, it is important 10 conduct further investigation on whether we
could retrieve accurately the object information from the compressed hologram. In order
to conduct this investigation, we record directly interference pattem of one-dimensional
object by using a charge-coupled device (CCD) image sensor so that the pattern could
be immediately stored as digitized hologram. Here, we are partlcularly interested in the
in-line hologram. Data compression will be applied to the digitized hologram. Finally,
the object information will be retrieved digitally and will be used to determine effects of
the compression.

10. Objectives:

10.1 To determine a technique for a direct recording of optically generated holographic
interference pattern by using CCD image sensor.

10.2 To determine an algorithm for compressing the hologram as a digital information.

10.3 To develop an algorithm for retrieving digitally the object information from the

compressed hologram

10.4 To determine effects of compression from the retrieved object information

10.4 By fulfilling the above objectives, to enhance the development of scientific
research in Thailand, particularly in Suranaree University of Technology

11. Expected benefits from research projects: .
This project will study effects of image compression on hologram. The result
obtained from this research project will significantly reduce practical and technical
problems in industrial applications of holographic metrology.



12. End users of results of research'projects:'

The knowledge and results gained from this research project will be useful for
optical scientist and engineers at the Suranaree University of Technology. In longer tern,
results of the project may be used by opto-electronic industries.

13. Related work and similar studies: None

This project is a second part of the study of effects of digital compression on
specklegram.

14. References:

15,

1. S. Jutamulia and G.M Storti, “Three-dimensional optical digital memory,” Opto-
electronics 10, 343-360 (1995).

2. Y. Qiao, S. Orlov, D. Psaltis, “Electrical fixing of photorefractive holograms in Srg7s
Bag 25Nby0s,” Opt. Lett. 18, 1004-1006 (1993),

3. B. Javidi and J.L.. Horner, “Optical pattern recognition for validation and security
verification,” Opt. Eng. 33, 1752-1756.(1994).

4. J. Widjaja, Y. Tomita, and A. Wahab, “Application of wavelet-matched filters to

holographic associative memories,” Opt. Commun. 132, 217-220 (1996).

5. 1. Widjaja, “Spatial-angular multiplexed 3-d holographic memory using zone plates
and 1-d grating,” Opt. Memory and Neural Networks 6, 125-127 (1997).

Research methodology:

15.1 Research design:
In-line hologram of a wire will be generated and recorded digitalty by using CCD
sensor. Once the hologram is stored into a frame memory, the data compression
will be applied. to it. Since the holographic pattern is now stored as digital pattern,
its reconstruction can also be done digitally. Therefore retrieval of the object
information such as size of the object and its position from the compressed
hologram as well as from the uncompressed one could be done digitally. By
comparing the extracted information, effects of the compression could be
investigated.

15.2 Steps and methods: :

(1) In order to be able to make a direct record of the in-line hologram interference
pattern, characteristic of the CCD sensor will be studied.

(2) In-line hologram will bc generated optically and stored as compressed-digital
holograrm.

(3) On the basis of the diffraction theory, the holographic retrieval will be digitally
accomplished.

(4) Memory space and quality of the retrieved object information will be used as
criteria to determine an efficiency of the used compression technique in step 2.

(5) Coliect resuits and identify its limitations

16. Scope of research:

This study focuses on the digital recording and retrieval of optical hologram.

17. Duration of project: One and half years, starting from 1 April 2000.



18. Working plan for the project:

Item 04-08/00 09-01/01 02-05/01 06— 09/01
Characterize the CCD sensor for x
direct recording
Determine compression technique X X
for digitized hologram
Digital retrieval of information X x
from the compressed hologram
Collect results and make summary X X

19. Location where research will be conducted:
The research project will be conducted in a laboratory at the Institute of
Science, Suranaree University of Technology.

20. Equipment needed for study:

20.]1 Existing equipment:
- Pentium PC together with laser printer funded by SUT grant!

- Optical processing system

20.2 Equipment to be procured: None

21. Budget:
Item Expense
Service and contracting expenses:

- Part time research assistant 24,000
- Office supplies : 11,000
- Scientific database searching via internet online and TIAC 14,000
- Books and international journals ‘ 20,000
- Conference in Thailand 10,000
- Postage,copy and fax 2,600
- Transporation 2,500
- Laboratory supplies 30,000
- Manuscript publication and reprint charges . 10,000

Total 124,100

22. Budget Fund itemization for future years: Not applicable
23. Progress report: Not applicable

24. Other information: Not applicable

Dr. Joewono Widjaja
Principal Investigator
13 ovember 2000




Part 2: Personal Details of the Principal Investigator

1. Name: Joewono Widjaja
2. Responsible research code: None
3. Current posiﬁon: Lecturer

4, Educational background:
1986 Bachelor BE Electronic Instrumentation  Satya Wacana Univ. Indonesia
1991 Master ME Electronic Optical Processing Hokkaido Univ. Japan
1994 Doctoral Ph.D Electronic Optical Processing Hokkaido Univ. Japan

5. Field of specialization:
- Optical signal processing
- Optical computing

6. Research experience:
6.1 Completed research project in Thailand
6.1.1 Particle sizing {Principal Investigator)
1. Widjaja, “Automatic holographic particle sizing using wavelet-based joint
transform correlator”, Int. J. Light & Elect.Opt: Optik -107, 132-134 (1998).
6.1.2 3-D optical memory (Principal Investigator)
J. Widjaja, “Spatial-angular multiplexed 3-d holographic memory using zone
plates and 1-d grating,” Opt. Mem. and Neural Networks 6, 125-127 (1997).
6.2.2 Autofocus camera (Principal Investigator)
Project begun in 3" quarter of 1997 - to continue indefinitely
6.2 Research experience in overseas
One year (1994) in University of Electro-Communications, Japan. Two years in
(1995-1996) Nanyang Technological University, Singapore. The list of publication
is attached following this summary.

List of Publications:

1.

J. Widjaja, J. Uozumi, and T. Asakura, “Method for evaluating the displacement of
objects using Wigner distribution function,” Journal of Optics 21, No. 6, pp. 253-259
(1990). i

J. Widjaja, J. Uozumi, and T. Asakura, “Method for evaluating displacement of objects
using the Wigner distribution function,” Proc. SPIE 1400 (Optical Fabrication and
Testing), pp. 94-100 (1990).

J. Widjaja, J. Uozumi, and T. Asakura, “Real-time evaluation of local isplacement of
objects by means of the Wigner distribution function,” Journal of Optics 23, No.1, pp. 13-
18 (1992).

J. Widjaja, J. Uozumi, T. Ushizaka, and T. Asakura, “Real-time generation of the Wigner
distribution function by means of a single acousto-optic modulator,” Optics
Communications 94, No. 3, pp. 313-320 (1992).

I. Widjaja, J. Uozumi, and T. Asakura, “Optical implementation of the Banyan network
using the Wigner distribution approach,” Optics Communications 100, No. 5-6, pp. 426-
430 (1993).

J. Widjaja, J. Uozumi, and T. Asakura, “Wigner distribution function in optical
permutation networks,” Optics Communications 103, No. 1-2, pp. 53-58 (1993).



7. ]. Widjaja, J. Uozumi, and T. Asakura, “Wigner distribution’s support to optical neural
networks,” in Selected Papers on Optical Neural Networks, pp. 267-272 (SPIE Milestone
Series MS-94, Washington, 1994).

8. J. Widjaja, J. Uozumi, and T. Asakura, “Optical implementation of artificial synapses by
means of Wigner distribution approach,” Optical Engineering 33, No. 5, pp. 323-326
(1994).

9. J. Widjaja, J. Uozumi, and T. Asakura, “Single step optical matrix-matrix multiplier using
diffractive optical element,” Optical Memory and Neural Networks 3, No. 4, pp. 411-415
(1994).

10. J. Widjaja, J. Uozumi, and T. Asakura, “Optical interconnects based on coordinate
transformation,” ICO Technical Digest (Frontiers in Information Optics), pp- 55 (1994).

11.J. Widjaja and Y. Tomita, “Optical wavelet-matched filtering by four-wave mixing in
photorefractive media,” Optics Communications 117, pp. 123-126 (1995).

12. J. Widjaja and Y. Tomita,”Optical inple-in digital logics using non-linear optical four-
wave mixing,” Applied Optics 34, No. 23, pp. 5074-5076 (1995).

13.]. Widjaja and Y. Tomita, “Real-time wavelet-matched filtering using photorefractive
four-wave mixing,” Proc. SPIE 2529 (Photorefractive fiber and crystal devices:
Materials, Optical properties, and Applications), 285-289 (1995).

14. J. Widjaja, Y. Tomita, and A. Wahab, “Application of wavelet-matched filters to
holographic associative memories,” Optics Communications 132, 217-220 (1996).

15.J. Widjaja and Y. Tomita, “Optical combinatorial digital logics using photorefractive four-
wave mixing,” [CO Technical Digest 1 (International Topical Meeting on Optical
Computing). pp. 152-153 (1996).

16. J. Widjaja and Y. Tomita, “Particle-image velocimetry using wavelet-matched filters,”
Journal of Modern Optics 43, 1993-1997 (1996).

17. 1. Widjaja, A. Wahab, and Y. Tomita, “Holographic associative memory using wavelet-
matched filters,” Proc. SPIE 2778 (JCO XVII: Optics for Science and New Technology),
pp. 439-440 (1996).

18. J. Widjaja and A. Wahab, “Optical associative memory using wavelet transform,”

Proc. SPIE 2904 Photonics Fast ’96 (Intelligent Robots and Computer Vision X1
Algorithms, Techniques, Active Vision, and Materials Handling), pp. 250-255 (1996).

19. J. Widjaja, “Spatial-angular multiplexed 3-d holographic memory using zone plates and
1-d grating,” Optical Memory and Neural Networks, Vol. 6, pp. 125-127 (1997).

20. J. Widjaja, “Automatic holographic particle sizing using wavelet-based joint transform

correlator”, Int. J. Light & Elect.Opt: Optik 107, 132-134 (1998).

21 J. Widjaja and S. Jutamulia, “Use of wavelet analysis for improving autofocusing

capability,” Opt. Commun. 151, 12-14 (1998).
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