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ABSTRACT

The present thesis describes the real-time optical information processing and computing by
using liquid crystal spatial light modulators ( LC-SLMs ), such as real-time optical speckle
metrology, real-time optical image processing and optical neural network system for pattern
recognition.

Firstly, the key performance characteristics of twisted nematic liquid crystal television
(LCTV ) SLM ( fabricated by Seiko Epson ) and ferro-electric liquid crystal ( FLC ) two-
dimensional photoaddressed SLM ( fabricated by Hamamatsu Photonics, K. K. ) are
theoretically and experimentally investigated. Then, a method for the generation of a joint
pattern to calculate a joint transform correlation function by using these LC-SLMs and a real-
time optical joint transform correlator for displacement or velocity measurement in speckle
applications are proposed. The generation of a joint pattern is verified by the experiment. It is
possible to perform a real-time all optical joint transform correlation based on the proposed
method. The velocity measurement up to 100 mm/s is realized at moderate operations of the
FLC devices. |

Next, real-time optical image subtraction and edge enhancement based on a speckle
modulation technique are carried out by using FLC polarization switches and a FLC-SLM. A
FLC-SLM is employed as a real-time and multiple-exposure optical device and the successful
results are obtained from three-exposure images modulated by speckles. Thus, the image
subtraction and edge enhancement are realized in real time. The whole operation is performed
within several ms with a modest condition of the operation. As the used FLC-SLM has a high
resolution more than 100 Ip/mm and can store fine speckle patterns, the image qualities for the
obtained results are quite satisfactory.

Finally, an optical neural network with a dynamics system of terminal attractors for
pattern recognition is described and compared with the conventional Hopfield model neural
network. The convergence of a unique solution and usefulness of the terminal attractor model
are demonstrated by computer simulation and also optical experiment by using LCTV-SLMs.
The results indicate that a terminal attractor neural network model can reduce spurious states

in the Hopfield model.
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STUDY OF REAL-TIME
OPTICAL INFORMATION PROCESSING
USING SPATIAL LIGHT MODULATORS



Optics is an old and venerable subject ...

Optics is a novel and captivating subject ...

CHAPTER 1

INTRODUCTION



1.1 A BRIEF HISTORY OF
OPTICAL INFORMATION PROCESSING

Optical information processing is an advancing field which has received much attention since
the nineteen sixties. It can handle a two-dimensional array of information using light in real
time. The attractive feature of optical processing is the capability of parallel processing, which
offers great potenﬁals in processing capacity and speed. Optical processing is especially useful
if the information to be processed is given by an optical form. Even for opto-electronic hybrid
pattern processing, optics can also be useful for such information processing.

The study of optical information processing involves not only the realization of optical

systems, but also optical devices as shown in Fig. 1.1.

/{Mathematics

Informatlon e
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Fig. 1.1 Interrelation of disciplines required in the study optical information processing.

——( Processing ]

Historically, the idea of optical processing is dated from 1859, when Foucault first
described the knife-edge test in which the direct light from an image was removed and the

scattered or diffracted light was kept.!'l] In 1873, Abbe advanced the theory in which



diffraction plays an important role in coherent image formation.!'?] In 1906, Porter
demonstrated the Abbe's theory experimentally.!*] Zernike developed the Nobel prize-winning
concepts of the phase contrast microscopy in 1935.141 In 1946, Duffieux published his
important study on the use of the Fourier integral in optical problems.!!’] In the fifties, Elias
provided the initial exchange between the disciplines of the optics and communication
theories.['"¢7l Later O'Neill contributed a great deal to reconciling the two viewpoints by
presenting a unified theory.[8] Maréchal motivated the future expansion of the interests in
optical processing by successfully applying coherent spatial-filtering techniques to improve the
quality of photographs.!!-“]

In the 1960's, optical processing activities reached a new height with its successful
application to synthetic-aperture radar.!!'19-11] The inventions of the holographic spatial filter
by Vander Lugt!!'!2] and of the computer generated spatial filter by Lohmann and Brown!!:13]
also form the important cornerstones for the application of optical processing to the lucrative
field of pattern recognition. Many researches have also been carried out to develop real-time
interface devices which connect electronic or incoherent optic systems with coherent v.optic
ones. |

In the seventies, the importance of combining electronic digital computers with optical
analog processors to form hybrid processors was established. Much attention has also been
given to extend the flexibility of optical processors beyond linear and space invariant regimes.

Progresé in the development of spatial light modulators ( SLMs ), in particular for
optical processing, has dramatically accelerated in the 1980's. Horner has studied the
theoretical background for the use of SLMs in optical pattern recognition.[!''#13] javidi has
analyzed the optical correlation and deconvolution problems based on the operation of
SLMs.[16-18] The applications of SLMs for optical information processing have been
experimentally conducted by Yu et. al [1:19-20]

R " Recently, liquid crystal devices ( LCDs ) have been used as SLMs in the field of

optical information processing because of the low cost of the devices and the ease of the



commercial availability. 21231 In 1991, Ohtsubo et. al proposed optical information
processing systems using liquid crystal SLMs involving the optical speckle metrology,!!-2%]
opﬁcal images processing,!!?7) and optical neural network systems.!!28] The liquid crystal
SLMs have become key components in many real-time optical and optoelectronic systems,

such as optical processing, optical interconnections, optical phase conjugation, real-time

holography, optoelectronic implementation of neural networks, image processing and displays.

1.2 RESEARCH OBJECTIVES

As already mentioned, since the advent of laser, optical information processing have attracted
strong attention of many investigators and have been studied by them. However, the study of
real-time optical information processing using spatial light modulator is still in the incunabula.
The questions many researches are involved in are "Are SLMs useful for real-time optical
information processing?" and "How to use them?" This thesis tries to give a preliminary answer
to these questions.

One of the successful fields of the applications is laser speckle information processing.
Optical information processing and optical measurements with speckle modulation were
proposed about 25 yéars ago and have been studies by many researchers since then.
Photographic film is generally used for recording speckle patterns due to high sensitivity, high
space bandwidth product, low cost and availability. But, film requires development which
makes the real-time operation of information processing difficult. More fecently,
photodetectors have been used in electronic speckle pattern interferometry and digital particle
image velocimetry system. The limitations of these systems are the low space bandwidth
product and the low throughput by the photosensors. The latter makes it difficult to record fast
multiple evenfs and, in the cases of speckle photography or digital particle image velocimetry,
requires substantial digital post-processing, precluding the real-time operation.

Recently the situations have drastically changed. In optical processing techniques for



speckle information processing and metrology, electrically addressed SLMst!29 and
photorefractive materials!!3%! have been used. In the former, speckle patterns may be captured
on a CCD camera and transferred to the electrically addressed SLM for the subsequent
processing. These systems also suffer from the drawback of limited TV frame rate ( 30Hz ) and
low space bandwidth product ( ~256%256 ). The problem with the latter approach is that
photorefractive materials generally have slow response times for reasonable laser powers
(order 1 sat 1 mW/cm?).l131

Because of the nature of materials and the characteristics of devices, those systems
may not be sufficient to realize a "real-time" optical processing in many applications which
require fast processing of signals. As an alternative device, we use a new SLM for the "real-
time" method of optical speckle information processing. An optically addressed FLC-SLM has
the capabilities of a time response as fast as 100 us or more, the larger data throughput, and
the potential for real-time optical processing.

Recently, optical neural networks have received considerable attention for their
applications to information storage and processing. The answer for "Why does one use optics
in computers?" is that photons do not interaét with each other. Consequently, light beams can
pass through one anotherkwithoutb distorting the information carried on. This suggests that
optical memory may be able to avoid the difficulties of memory contention, at least during
reads. Furthermore, optical technology offers parallel processing and two- and three-
dimensional interconnectibns. Thus, the speeds of the write and read operations do not become
a "bottleneck" in optical computers. Namely, the limitations of the conventional electronic
computers are overcome by the inherent capabilities of the optics.[!-32-33]

Optical associative memory in neural networks has the significant advantages of the
inherent parallelism and interconnectivity in optics. But the conventional Hopfield model
system which is widely used in this field has major problems as an optical associative memory
as follows:

1. The memory capacity is very low. The maximum number of patterns that can be exactly



stored in a network with 7 neurons is only about n/ (4logn). [1-34
2. The basins of attraction of stored patterns are small, so that the recollection ability is not
very great.
3. There are many spurious memories, namely equilibrium states different from the stored
patterns.
4. Stored patterns must be nearly orthogonal to each other. Otherwise, the performance of the
model is greatly deteriorated.

Although many modified models have been proposed,!-33-3] but they are not optical
implementations. This thesis also reports a terminal attractor optical associative memory for

pattern recognition. It is verified in optical experiment that this associative memory works well.

1.3 OUTLINE OF THIS THESIS

The present thesis describes the real-time optical information processing using liquid crystal
SLMs, such as real-time optical speckle metrology, real-time optical image processing and
optical neural network system. The layout of the thesis proceeds as follows.

Chapter 2 concerns the theoretical backgrounds and performance characteristics of a
twisted nematic liquid crystal television ( TN-LCTV ) SLM and a ferro-electric liquid crystal
( FLC ) two-dimensional photoaddressed SLM. The intensity and phase modulation
characteristics of LCTV and FLC as a SLM are theoretically and experimentally investigated.
Furthermore, the resolution, the visibility, and the optical and electronical multiple-exposure
capability for the FLC-SLM are discussed. The obtained results indicate that these SLMs can
be used in real-time optical information processing.

Chapter 3 discusses the real-time optical speckle metrology using LC-SLMs. In
Section 3.2, a method for the generation of a joint pattern to calculate a joint transform
correlation function for real-time optical speckle measurements is described. The polarization

of the speckle pattern is switched by a 90° twisted nematic liquid crystal and the spatial shift is



introduced to the pattern by passing through the birefringent calcite plate depending on its p-
or s-polarized state. The generation of the joint pattern is verified by the experiment. Based on
the proposed method, displacements of a light scattering object are measured. But the
switching speed of the TN-LC cell is rather slow and is about 100 ms. On the other hand, FLC
device which has a switching speed of the order of micro-second to several tens of micro-
second. This value of the switching speed is satisfactory for most mechanical applications in
optical speckle metrology. Therefore, a real-time high-speed joint transform correlator ( JTC )
for optical speckle interferometry is proposed by using FLC-SLM and FLC polarization switch
in Section 3.3. The successive patterns from a light scaitering object before and after the
displacement pass through a FLC polarization switch and a birefringent plate. The joint pattern
is take by a FLC-SLM as a doubly exposed pattern. The JTC is optically calculated from the
joint pattern. To demonstrate the usefulness of the system, the vector velocity measurement of
a light scattering object is presented.

Chapter 4 is devoted to the real-time optical images processing using FLC
polarization switches and a FLC-SLM based on speckle modulation. Section 4.1 gives an
optical subtraction system and, in Section 4.2, an optical edge enhancement system based on
speckle defocusing modulation is carried out. FLC devices have attractive features of high-
speed switching, memory effect, multiple exposure capability of images, anfi polarization and
intensity switching capabilities. Therefore, they can become promising devices for real-time
optical information processing. In above two images processing systems, a FLC-SLM is
employed as a real-time and multiple exposure optical device and the successful results are
obtained from three exposure images modulated by speckles. Thus the images processing are
realized in real time. The whole operation are performed within several ms with a modest
condition of the operations. As the used FLC-SLM has a high resolution more than 100 /p/mm
and can store fine speckle patterns, the image qualities for the obtained results are quite
satisfactory.

Optical associative memory in neural network has the significant advantages of the



inherent parallelism and interconnectivity in optics. Optical neural network for pattern
recognition using the Hopfield model has the advantage of the simplicity for its structure of the
network. But further investigation reveals that the storage capacity of the Hopfield model is
quite limited because of the number of spurious states and the oscillations. For the purpose for
the alleviation of the spurious state in the Hopfield neural network, the concept of terminal
attractors has been introdu‘ced.[l'”] Based on the idea of the terminal attractors, we propose an
optical neural network with a dynamics system of terminal attractors a for pattern recognition
in Chapter 5. The convergence of a unique solution and usefulness of the terminal attractors
are demonstrated by the computer simulation and the optical experiment using LCTV-SLMs.
The results indicate that a terminal attractor neural network model can reduce spurious states

in the Hopfield model.
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LIQUID-CRYSTAL

Key performance characteristics of twisted nematic
liquid crystal television and ferro-electric liquid crystal
two-dimensional photoaddressed spatial light modulator
are theoretically and experimentally investigated.
Several characteristics that are important for optical
information processing, including the intensity and ﬁl;ase
modulation characteristics are discussed. Furthermore,
resolution, visibility, and multiple exposure eﬁegt‘ of
Jerro-electric liquid crystal spatial light modulatoriare

investigated. The obtained results show that those SLMs

can be used in real-time optical information processing.

CHAPTER 2

SPATIAL LIGHT MODULATOR



2.1 LCTV-SLM

In many researches for optical information processing, twisted nematic liquid crystal televisions
(LCTVs) with the active matrix drive have been used as a spatial light modulator ( SLM ) in
a variety of ways.[?12] LCTVs may be used for optical information processing because it has
several salient SLM features. For example, its operation speed of ~10 ms is compatible with
that of the image signals provided by a conventional TV system.

The intensity modulation property is an important characteristic of a SLM in most
applications. The LCTV not only has the intensity modulation property, but also has the
attractive features of polarization and phase modulations of light. The purpose of this section is
to describe LCTV device structure, principle of the operation, and its intensity and phase

modulation characteristics for the later use of optical information processing and computing.
2.1.1 Theory of Light Transmission in a TNLC Device

A twisted nematic liquid crystal cell is a thin layer of nematic liquid crystal placed between two
parallel glass plates and rubbed so that the molecular orientation rotates helically about an axis
normal to the plates ( the axis of twist ). If the angle of twist is 90°, for example, the molecules
point in the x direction at one plate and in the y directioh at the other, as shown in Fig. 2.1 (a).
Transverse layers of the material act as uniaxial crystals, with the optic axes rotating helically
about the axis of twist.

When an electric field is applied to the direction of the axis of twist ( the z direction )
the molecules tilt toward the field, as shown in Fig. 2.1 (b). When fhe tilt is 90°, the molecules
lose their twisted character, so that the polarization rotatory power is deactivated. If the
electric field is removed, the orientations of the layers near the glass surfaces dominate, thereby
causing the molecules to return to their original twisted state, and the polarization rotatory

power to be regained.

12
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Fig. 2.1 In the presence of a sufficiently large electric field, the molecules of a twisted nematic

liquid crystal tilt their twisted character. (a) Twisted state and (b) Tilted ( untwisted ) state.
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The theoretical treatment of light transmission through a 90° TN-LCTYV is almost the
same as for a usual twisted nematic liquid crystal device ( TN-LCD ). In a TN-LCD, the
propagation of polarized light along the twist axis is described by use of the Jones calculus.
The TN-LCD is composed of a stack of identical birefringent plates, each oriented at a

helically rotated angle, as shown in Fig. 2.1 (a). When the molecules align with the x axis at

z =0, we obtain the Jones matrix

T - —_.B.
5—smy Fcosy Fi—siny
J* = exp(~i®) ¥ 5 N ¥ , 2.1
xcosy Fi—siny —siny
Y 2y

where J* and J~ represent the Jones matrices for the clockwise and counterclockwise twists
of the molecules and the liquid crystal material is assumed to be twisted by 90°. When an

electric field is applied in the direction of the z axis, the parameters of the Jones matrices are

obtained by
B=Z2[n(0) -1, @2)
@ =22 [n(0) +1,], | @3)
—
=y (5) 4

where d and n, are the thickness and ordinary refractive index of the liquid crystal material
and A is the wavelength of light. The equilibrium tilt angle 6 for most molecules is a

monotonically increasing function of the applied voltage, which can be described by!2-3!

14



0 V<V,

- — .5
0 iz'i-ztan-l[exp(-V VC)] VsV, , 3)

0

where V' is the applied rms voltage, V, is a critical voltage at which the tilting process begins,
and V; is a constant. When V -V, =V, 8 ~ 50°.

When the electric field is removed, the orientations of the molecules near the glass
surfaces are recovered and all of the molecules tilt back to their original orientation ( in planes
parallel to the plates ). In a sense, liquid crystal material may be regarded as a liquid with
memory. |

For a tilt angle 6, an optical wave traveling in the z direction is polarized in the x and

y directions and has refractive indices 7(0), where

1 cos’0 sin?0

= + .
n*(9) n,g2 7102

(2.6)

Here, n, and n, are the ordinary and extraordinary refractive indices of the liquid crystal.

From above equations, we can recognize that the Jones matrix is a function of only

one variable B, except for an unimportant multiplicative phase factor exp(-i®), which is

related to the applied voltage through the tilt angle 6. When the molecules are not tilted

(8 =0), the retardation B achieves its maximum value,

ﬁmax = _JE:i[ne —710], (27)

and decreases monotonically toward zero when the tilt angle reaches 90°. It was shown that B
monotonically decreases with an increase of the applied voltage and that the relation between
and the applied voltage is approximately independent of the index difference of the

birefringence, as shown in Fig. 2.2.
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Fig. 2.2 Dependence of the normalized retardation /B, =[n(8)-n,]1/(n, —n,) on the

normalized rms applied voltage when n, = 1.5, for the values of An = n, —n, indicated.
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Fig. 2.3 Configuration of a 90°-TN LCTV with polarization filters: 1, ,, polarizer and

analyzer angles.
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Next, we proceed to determine the amplitude transmittance and phase shift introduced
by the device as a function of B. Figure 2.3 shows a TN-LCTV model which is used in the
experiment. When a TN-LCD is sandwiched between a polarizer and a analyzer, which, in
general, form angles 1, and 1, with the x axis, the intensity transmittances of the clockwise
and counterclockwise TN-LCDs are easily calculated from the Jones matrix. For an incident

light linearly polarized along the direction of the polarizer, the intensity transmittances and

phase shift are obtained byl

2 2
T = [%sin y cos(Y; - W,) F cosy sin (P, ~\p2)] + [%Sin y sin (Y, + wz)] , (2.8)
Bysiny sin(uy +,)
8 =p-tan™! Y . (2.9)

%)sinvcos(wl ~,) + cosy sin(; —,)

The plus or minus sign of the transmittance 7" again denotes the clockwise or counterclockwise
rotations of the twist. It is noted that the intensity transmittances for the configurations
(0, ¥,) = (0°,0°) and (¢,,¢,) =(90°,90°) are the same. Moreover, for given 1; and ,,
both 7"and & are a function of one variable, B. These expressions are simplified in two special
cases which are important in the actual experiments: ( i ) the polarizer is orthogonal to the
analyzer and parallel to the x-axis, i.e., (V,,9,) = (0°,90%); (ii ) the polarizer is orthogonal to
the analyzer and also orthogonal to the x-axis (y,,¥,) =(90°,0"). The intensity transmittance
T is a monotonic increasing function of B ( i.e., a monotonic decreasing function of J") for the
both cases. However, the phase shift is an approximately linear function in case (i ), whereas
there is no phase shift in case ( ii ). Thus, not only the intensity modulation but also the phase
modulation of the LC device are obtained for the case (i), whereas the device is used only as

an intensity modulator for the case (it ).
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2.1.2 Intensity and Phase Modulation Properties

The LCTV used in the experiment is a projection TV panel of VPJ-700 ( Seiko Epson ) which
is a 90° twisted nematic active matrix device with a thin film transistor ( TFT ). The panel
consists of 220x320 pixels each having a size of 80x90 um. As is shown in Fig. 2.3 for the
theoretical model, the liquid crystal molecule director of the LCTV is vertically aligned at the
front of the panel, while it is twisted by the right angle at the exit face.

After removing the original plastic polarizers from the LCTV panel, we evaluate the
intensity transmittance and phase shift of the LCTV as almost the same manner that in Ref. 2.4.
The extreme cases of the results are shown in Fig. 2.4.2°] The intensity transmittance and
phase shift are plotted against the input composite video signal level having a 8-bit gray scale.
In Fig. 2.4 (a), the orientation of the polarizer in Fig. 2.3 is aligned to be parallel to the liquid
crystal molecule director at the front panel and that of the analyzer is rotated by 90°, i.e.
corresponding to the configuration of (y,,y,) = (0°,90°) in Fig. 2.3. The phase shift from 0
to 1.2x radians and the normalized intensity transmittance of 0.3~1 are obtained in “this
configuration. Figure 2.4 (b) is the result for the case of (Y;,y,) =(90°,0°). The phase
modulation is not observed in this configuration, while the intensity transmittance is changed
by the variation of the video signal.[24-] Though we can observe no distinct phase change, the
intensity modulation has the same tendency as that for the case in Fig. 2.4 (a). ;l"hese results are
coincident with the theoretical predictions in Subsection 2.1.1.

The diffraction efficiency of light by using the LCTV-SLM has been investigated by
Ogiwara et. al.[>3), The results indicate that the phase modulation property of the LCTV rather
than the intensity modulation property plays an important role té attain a high diffraction
efficiency. Especially, the configuration of (y;,¥,) = (0°,90°) is suited for the applications of
the LCTV-SLM, for example, the application to an optical correlator or optical neural

networks.
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2.2 FLC-SILM

As already discussed, a LCTV-SLM is very suited for the applications in optical information
processing and computing. Because it is inexpensive, it can be used for making rapid
prototypes of optical architecture for a preliminary real-time testing. However, the LCT Vs are
pixelate devices and still operate at frame rates of only ~30 frames per second. In spite of this
frame rate and a minimum pixel size of the order of 10 um, the information processing capacity
of these TV systems is still inadequate in some applications for a high-speed real-time
information analysis of successive and repeating events such as that for fluid flows or vibrating
objects.

In this section, we describe an optically addressed ferro—eleétric liquid crystal spatial
light modulator ( FLC-SLM ). FLC device has the ability of a time response as faster as 100 ps

or more. Therefore, the device will be a promising one for a real-time optical processing.
2.2.1 Structure and Operation Principle

In smectic-C* phase liquid crystals, the molecular orientation is tilted by an angle 8 with
respect to the normal to the layers ( the x axis ), as illustrated in Fig. 2.5. The material has
ferroelectric properties. When it is placed between two close glass plates, the surface
interactions permit only two stable states of molecular orientation at the angles =6, as shown
in Fig. 2.5. When an electric field +£ is applied in the z direction, a torque is produced that
switches the molecular orientation into the stable state +8 [ Fig. 2.5 (a) ]. The molecules can
be switched into the state -0 by use of an electric field of oppositev polarity -£ [ Fig. 2.5 (b) ].
Thus the cell acts as a uniaxial crystal whose optic axis may be switched between two
orientations.

In the geometry of Fig. 2.5, the incident light is linearly polarized at an angle 6 with

respect to the x axis in the x-y plane. In the +8 state, the polarization is parallel to the optic
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axis and the wave travels with the extraordinary refractive index n, without retardation. In the
-0 state, the polarization is switched to make an angle 26 from the input polarization. The
optical and switching characteristics of the FLC device have been discussed in detail in Refs.

2.7-8.

Fig. 2.5 Two states of a FLC cell.



Figure 2.6 shows a FLC-SLM ( fabricated by Hamamatsu Photonics, K.K. )] that is
used in our experiments. The modulation of the readout light beam occurs in ~1 pm thick layer
of surface-stabilized chiral smectic-C* FLC material sandwiched between a dielectric mirror .
and a transparent front electrode. Optical addressing is achieved by varying the impedance of a
3 um thick photoconductive layer of hydrogenated amorphous silicon ( a-Si:H ) on the rear |
side of the dielectric mirror in accordance with the intensity of the write beam. The operation

of the FLC-SLM requires the application of a 15 V peak-to-peak amplitude square wave
voltage, as shown in Fig. 2.6 (b).
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The dielectric mirror is a critical component of the device, its function is to provide
effective reflection of the read beam and to block the read- and write-beam penetrations to the
opposite sides. The high reflectivity is important in giving a high optical gain.

Because of the surface stabilization of the liquid crystal layer, the FLC-SLM is a
bistable device.[#1911] In order to write an image onto the device, it is, at first, necessary to
erase any previous information that might be stored in the liquid crystal layer. In principle, this
can be achieved by the application of an erase voltage pulse of sufficiently high amplitude
between the electrodes of the device such that the electric field across the liquid crystal layer is
large enough to cause all parts of the layer to switch to the same alignment condition. In
practice, the erasure can be achieved much more rapidly by a uniform illumination for the o-
Si:H photoconductor and the simultaneous application of the erase voltage pulse to the
electrodes. We adopted this method in our experiments by using a red LED to provide the
erase illumination.

After the previous content has been erased, the erase light is switched off and the
photoconductive layer is illuminated by the write-in intensity distribution, during which a write
voltage pulse of opposite polarity is applied, The write-in intensity distribution is transmitted
into the liquid crystal layer during the write voltage pulse ( write phase ) and the device
becomes immune to further changes in the write-in intensity distributioq when the voltage
drops back down to zero ( storage phase ). The photoconductive layer is essentially ohmic and,
therefore, the erase voltage may be of either polarity, providing that the write voltage pulse is
of opposite polarity. Reversing the polarities of the pulses changes the stored image from
positive to negative. This is shown in Fig. 2.7. The each letter size was abuot 5x5 mm? on the
FLC-SLM. For writing in the positive image mode, the responses of this FLC-SLM was 42 ps,
whereas it was 43 ps for the negative images.[11]

The reflectivity of the FLC-SLM was estimated as 99% in He-Ne laser light of 633
nm wavelength. The reflectivity was measured by writing a totally’bright image to the FLC-

SLM and, then, determining the ratio of the intensities of the read beam directly after the
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incidence with directly before the reflection from the FLC-SLM.

(2) | (b)

Fig. 2.7 Images obtained by the FLC-SLM. (a) positive and (b) negative images.

2.2.2 Evaluations of FLC-SLM

(1) Visibility measurement

The visibility of an imaging device is one of measures for the quality of an image produced by .

[2.10]

system. According to Michelson, the visibility is defined as

V= [max '—]min : (210
]max +]min

where [ and [

max min

are the maximum and minimum intensities of the resulting image
respectively. The optical system shown in Fig. 2.8 was constituted to measure the visibility o
the FLC-SLM used for the later optical processing and computing. A totally dark and brigh

binary image was written onto the FLC-SLM and was detected by a photodetector located a
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imaging plane P. The output voltages across the photodetector corresponding to the binary
image were then measured. From the variation of the intensity measured in plane P the
maximum visibility for a sufficiently resolved pattern was estimated to be 0.86. The visibility v

also termed modulation factor.
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Fig. 2.8 Optical system used to measure the visibility of the FLC-SLM. P1 and P2: polarizers.

The visibility of the optically addressed FLC-SLM will be improved by the use of
optical flats, instead of glass plates, for the sandwich structure. The glass plates create an
interference pattern in the image plane. These rings increase the average of the background,

thus increasing the value of I; observed with the photodetector.

(2) Resolution measurement
We estimated the spatial resolution of the modulator by writing the sinusoidal intensity
distribution of different spatial frequencies in a Mach-Zehnder interferometer and measuring

the diffraction efficiencies of the grating produced in the liquid-crystal layer with the setup
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shown in Fig. 2.9. The diffraction efficiency is defined as/?!1]

1,

+

= in 2.11
i I (2.11)

where I, is the total intensity of the first-order diffraction spot, and /, is the intensity of the
direct beam with no grating written on the SLM. Figure 2.10 shows the variations of the first-
order diffraction efficiency with the spatial frequency. The resolution of the FLC-SLM was

determined to be 72 /p/mm, and it is the value in which the first-order diffraction efficiency has

fallen to half of the maximum value.
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Fig. 2.9 Setup used to measure diffraction efficiencies of gratings written on the FLC-SLM. P1

and P2: polarizers, and ND: neutral-density filter.
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Fig. 2.11 Transmission characteristics of the FLC-SLM.
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(3) Transmission characteristics
The transmission characteristics was measured by the same optical system of the visibility
measurement. Figure 2.11 shows the transmission characteristics of the FLC-SLM in positive

and negative contrast modes for images written by a He-Ne laser light at 633 nm wavelength.

(4) Multiple exposure properties
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Fig. 2.12 Optical system for double-exposure property of speckle patterns. BP: birefringent

plate and P1~P3: polarizers.

The important feature of the FLC-SLM is the capability of multiple exposures for input
patterns. A system for double exposures by using speckle patterns is shown in Fig. 2.12. A
speckle pattern is generated by a ground glass plate and, then, it is imaged onto the FLC-SLM
through a spatial shifter consisting of a FLC polarization switch and a birefringent plate. By
using this spatial shifter, a spatial offset between the successive exposures of the same speckle

pattern is given. This spatial shifter unit will be discussed in detail in Section 3.3. The output



om FLC-SLM is a new speckle pattern which is a random distribution but has pairs of two
veckles. In each pair, one of the grains belongs to the first exposure and the other grain
3long_s to the second exposure of the identical but displaced speckle. The pair of speckles acts
s two small, identical, coherent sources and the Young's fringes are formed by the Fourier
ansform in the back focal plane of the L2. The same interference fringe is produced by each
air of grains. In the experiment, the fringe patterns of the speckles were taken by the CCD
imera and was shown on a TV monitor. An example of fringe patterns due to displaced
seckles recorded on the FLC-SLM is shown in Fig. 2.13.

There are two possible drives of the FLC-SLM to write a doubly exposed pattern on
1e SLM; one is optical and the other is electrical. In the optical writing mode, the electrical
rite-in signal for the FLC-SLM is turned on during a certain time duration. Within this
uration, the optical signal pulses are sequentially switched on and the double exposure pattern
. formed by these pulses as shown in Fig. 2.14 (a). These optical pulses may be generated by
n opto-electronic shutter such as a FLC switch used in this experiment. On the other hand, in
1e electrical mode, the FLC-SLM is constantly exposed by the optical signal during the
iccessive exposures. Two writing electrical pulses are successively generated at a certain
ppropriate time interval as shown in Fig. 2.14 (b). Then the doubly exposed pattern can be

btained after the second pulse.

Fig. 2.13 Example of fringe patterns by the double exposures.
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Fig. 2.14 Operation modes of the double exposures. (a) optical mode and (b) electrical mode.

Figure 2.15 shows the double-exposure properties of the two mode. In Fig. 2.15 (a),
the exposure spatial offset is changed but the exposure time is fixed as 150 ps. The exposure
time is variable but the exposure offset is fixed 1000 us in Fig. 2.15 (b). These results indicate
that the FLC-SLM has a optimum exposure range both in space and in time offset, and good
visibility is obtained for the optical writing mode because of a little blurred effect of the pattern
taken by the FLC-SLM.

The performance characteristics of the FLC-SLM which is used in the experiment are

summarized in Appendix A.
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2.3 SUMMARY

We have described the operation capabilities of LCTV- and FLC-SLMs. The advantages of
these liquid crystal SLM's are their fast response time, high sensitivity, low-power operation,
high spatial resolution, and so on. Moreover, the LCTV has been recently used in the field of
optical information processing because of the low cost of the device and the ease of the
commercial availability. On the other hand, FLC-SLM has the excellent features of multiple
exposure capability of images, much larger data throughput, and the great potential for further,

real-time, optical processing.
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REAL-TIME

A method for the generation of a joint pattern to
calculate a real-time joint transform correlation for
speckle applications is proposed. A real-time optical
Jjoint transform correlator for displacement or velocity
measurement in speckle applications by using proposed
method is described. The successive patterns from a light
scattering object before and after the displacement pass
through a liquid crystal polarization switch and a
birefringent plate. The generation of the joint pattern is
verified by the experiment. It is possible to perform a
real-time all optical joint transform correlation based on
the proposed method. The velocity measurement up to
100 mm/s is realized at moderate operations of

ferroelectric devices.

CHAPTER 3

OPTICAL SPECKLE METROLOGY



Speckle photography and speckle interferometry have been developed since early 1970s as a
means for non-contact assessment of displacements, tilts, contours and other surface
characteristics of solid objects.!*1] This work also led to the development of particle image
velocimetry ( PIV )[>2! which measures fluid velocities in two-dimensional flow fields.

The recent techniques used for optical pattern recognition and optical speckle
metrology may be broadly classified into the VanderLugt-type filter-based correlation!3-3! and
the joint transform correlation ( JTC ).134] The VanderLugt-type correlator requires a priori
fabrication of the filter used in the correlation process, thereby prohibiting real-time operation.
In addition, the filter must be accurately aligned along the optical axis in the Fourier plane and
the technique requires close positioning between the filter and the Fourier transform of the
input. On the other hand, the joint transform correlator can be operated at video frame
rates’->] and it has several features that make them an attractive optical information procéssing
architecture as follows:

1. they are relatively insensitive to optical alignment errors compared with other Fourier based
correlators; |

2. a complex-valued SLM is not required in the Fourier plane;

3. a priori knowledge of the reference image is not necessary;

4. JTC can be compactly designed.

Optical joint transform correlators have been demonstrated with a variety of opto-
electronic devices.[3-6-3-11] Obviously, the JTC is a powerful tool for such as an object

identification or a displacement measurement.

3.1 THEORY OF THE JTC

The JTC was introduced by Weaver and Goodman for the first time as an architecture for
performing optical correlations.3#] This technique differs from classical matched filtering in

that it dose not require the synthesis of a frequency plane filter. Consider two image functions
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S(x+xy,y) and g(x-x,,») in the geometry shown in Fig. 3.1 (a). The intensity of the

Fourier transform of the two images is given by

I(u,v) = |FLf (x +%0,) +g(x - x0, NI

= |F(u,v)exp(~i2mux,) + G (u,v) exp(i2nux0)|2

=F(uv)F*(u,v)+Gu,v)G *(u,v) 3.1
+ F(u,v)G*(u,v)exp[ -i2mu(2x,)]
+G(u,V)F* (u,v)exp[i2nu(2x,)],

where F is the Fourier transform operator and the capital letters denote the Fourier transform
of the lower letter functions. The output of the JTC ¢(x,y) is given by performing an inverse

Fourier transform of the intensity distribution of Eq. (3.1),

c(x,y) = F[F(u,v)F *(@,v)]+ F ' [G(u,v)G *(u,v)]
+ FYE (u,v)G * (u,v) exp[ -i2mu(2x,) 1} (3.2)
+?’1{G(u,v)F*(u,v)exp[iZnu(Zxo)]}.

Then, the output of the correlator is calculated by

c(x,y) =f(x, )@ f(x,y) + g(x,y)® g(x,y)
+f (e +2x0,) @ g(x,) ‘ (3.3)
+f(x=2x,,y)@g(x,5),

where ® denotes a correlation operation.

The output plane geometry of the JTC is readily recognized by Eq. (3.3). The output
plane is divided into three regions as shown in Fig. 3.1 (b). The central region corresponds to
the first two terms in Eq. (3.3) and contains the overlapping auto-correlations of f (x,y) and
g(x,y) . The side regions correspond to the last two terms in Eq. (3.3) and contains the cross-

correlation between f(x,y) and g(x,y).
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Fig. 3.1 Input plane (a) and output plane (b) of the JTC.

3.2 OPTICAL SPECKLE JTC
USING A TN-LC CELL AND A BIREFRINGENT PLATE

Optical JTC techniques in speckle phenomena are well known and have been used for
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determining surface displacement, deformation, rotation, and tilt. Though many papers have
been published for the optical joint transform correlator, the optical implementation to
calculate only the correlation function and/or the evaluation of only the output performance of
the JTC are the main concerns in those papers.!*11-12] Most of the papers have not mentioned
how to generate a joint pattern for the real-time optical processing. In the usual case, a joint
pattern was synthesized by computer software and the generated pattern was displayed on a
TV monitor or taken as a master photographic film for the correlation input. It is difficult to
implement real-time optical processing by those methods. In practice, how to generate or
acquire a joint pattern is the key point to realize the fast "real-time" JTC.

Recently, a real-time optical joint transform correlator for speckle displacement or
velocity measurement has been proposed by using an Optic RAM detector and a LCTV.13-13-16]
In the previous papers, the doubly exposed joint pattern was obtained electronically by the
Optic RAM device. After the detection of the joint pattern, the cross-correlation function was
optically calculated by using a LCTV-SLM. A joint pattern can be formed rather faster than
the conventional method by use of the Optic RAM detector. But, because of the sequehtial
read-out of the memory contents of the Optiés RAM, it is not still in sufficient to realize a
"real-time" optical correlator in many applications which require a fast processing of the signal.

As an alternative or more efficient method to produce a joint pattern, we propose a
new method to form a joint pattern for speckle applications in this section. The joint pattern
before and after the displacement of a light scattering object is formed through a spatial shifter
consisting of a TN-LC cell and a birefringent plate with a polarization plate. The generation of
the joint pattern is verified by the experiment. In this section, to confirm the usefulness of the
method, the joint pattern of the speckle patterns is generated in real time and taken by a CCD
camera. Then, the JTC function is calculated by a computer. It is possible to implement a real-
time correlator based on the proposed method together with such as the previously proposed

LCTV-based optical correlation technique.* 13!
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3.2.1 Principles of the Method

b

A
/\l, ¥

INGCIDENT TRANSMITTED
LIGHT O-RAY

OPTIC LIGHT ( )

o) AXIS
POLARIZER
NG cpLr,  BIREFRINGENT PLATE

(a)

| |

b
g

'
/-

INCIDENT
LIGHT (E-RAY
LIGHT OPTIC ( )
AXIS
POLARIZER (OFF) BIREFRINGENT PLATE

TN-LC CELL

(b)

Fig. 3.2 Principle operation of the spatial shift.

The main elements of the module to produce a spatially shifted joint pattern are a 90° TN-LC

cell and a birefringent calcite ( CaCO; ) plate. By using this module, a spatial offset between

the successive two speckle patterns can be easily and quickly given. For example, we consider

the situation where an s-polarized pattern as shown in Fig. 3.2 passes through a TN-LC cell.
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The director of the LC molecules at the front surface in Fig. 3.2 is chosen to be aligned to the
same direction as the s-polarization of the incident light. The polarization of the pattern
remains unchanged when the voltage is applied to the TN-LC cell, because the twist of the
molecules is dissolved and the director of the LC molecules is aligned to the direction of the
light propagation.

On the other hand, it is rotated 90° when no voltage is applied, since the polarization
rotates along the rotation of the molecule directors. Then the polarization of the pattern is
switched from s- to p-state. To give a spatial shift to the second pattern, a birefringent plate is
inserted behind the TN-LC cell. If the optic axis of the birefringent crystal is lying at the same
plane as the p-polarization as shown in Fig. 3.2 (a), the transmitted beam through the plate
becomes an o-ray and no spatial shift of the pattern occurs. At the same optic axis, however,
the s-state of the polarization becomes an e-ray after passing through the birefringent plate as
shown in Fig. 3.2 (b) and, thus, a certain amount of the spatial shift is given to the pattern. The
amount of the transverse shift depends on the length of the crystal along the transmission. In
the experiment, a spatial shifter consisting of a TN-LC cell and a birefringent plate is insérted
in front of a CCD camera to detect specklé patterns and the pattern before and after the
displacement of a light scattering object are taken by the CCD camera. The whole operation of

the experimental system is described in the following subsection.
3.2.2 Experiments and Results

To demonstrate the effectiveness of the méthod, we have only shown the principle of the
spatial shift of patterns. The real-time JTC based on this method will be presented in the next
section.

The schematic diagram of speckle detection and the calculation of the correlation
function is shown in Fig. 3.3. A collimated light beam from a He-Ne laser illuminates a moving

ground glass plate. The speckle patterns are detected by a CCD camera through a two-lens
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imaging system with a pinhole at the filter plane. The spatial shifter unit which is composed of

a polarizer, a TN-LC device, and a birefringent plate, is inserted in front of the CCD camera.

The two-lens imaging system was employed because of the small decorrelation of the speckle

for the translation of the pattern at the detection planel®>17]. The pinhole controls the speckle

size on the detector. The focal length of the lenses L1 and L2 are 100 and 130 mm,

respectively, and the size of the pinhole used in the experiment is 0.75 mm, so that the average

size of the speckles at the detector plane is calculated to be 0.134 mm. Then the speckle size

corresponds to about 6 pixels of the CCD element.
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Fig. 3.3 Schematic diagram of speckle detection and processing. L1 and L2: lenses, P:

polarization filter, TN-LC: TN-LC cell, BP: birefringent plate, and F.G.: function generator.

The 90° TN-LC cell has an aperture of 2.0x2.0 cm? and is driven by a sinusoidal

signal from a function generator. The switching speed of the TN-LC is rather slow and is about
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100 ms at the applied voltage of 5.0 V. The birefringent calcite plate has also a clear aperture
0of 2.0x2.0 cm? and a thickness of 9.19 mm which corresponds to the shift of e-ray of 1 mm at
the wave length of A=0.633 pm. The module is placed in front of the CCD camera with a
polarization filter which enables the polarization of the pattern to be s-polarized state as shown
in Fig. 3.2.

By applying the voltage to the TN-LC cell, the first speckle pattern is taken by the
CCD camera. Then, after a certain time offset, the voltage is turned off and the second speckle
pattern is detected. The second pattern is spatially shifted from the first pattern due to the
applied voltage to the TN-LC cell even if there is no displacement of the object. During the
successive exposures, the pattern moves for a certain direction in actual speckle measurements.
Therefore, the displacement of the speckle is added to the spatial offset. The speckle pattern is
digitized 512x512 pixels with an 8-bit gray scale through an image grabber controlled by a
computer. In the actual calculation of the correlation function, this image was reduced to the
size of 128x128 pixels and the calculation was performed with 128x128 pixels by the
computer. The detected speckle pattern before and after the displacement of the object are sent
to the memory of the computer. The speckle patterns are clipped to have a binary level at the
mean intensity because we can obtain a sharp correlation function which enables the accurate
detection of the correlation peak. Then the joint pattern is produced in the computer. The joint
pattern is something like a specklegram but it should be distinguished fr'om an ordinary
specklegram because a certain spatial offset is given between the successive speckle pattern.
Then, the correlation function is calculated by employing a two-dimensional fast Fourier
transform ( FFT ) method by the computer.

Figure 3.4 shows the speckle pattern with and without the applied voltage to the TN-
LC cell taken by 512x512 pixels with an 8-bit gray scale ( before the clipping of the pattern )
when the ground glass plate is stationary. As is seen from this figure, the speckles in Fig. 3.4
(a) shift horizontally to the right direction in Fig. 3.4 (b). Therefore, the distance of the

corresponding speckle pairs between Figs. 3.4 (a) and (b) becomes the spatial offset in speckle
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isplacement or velocity measurement. To show the shift more clearly, the same frame of each
peckle pattern in Figs. 3.4 (a) and (b) is scanned and each intensity distribution is displayed in
ig. 3.5. Figure 3.6 shows the cross-correlation intensities distribution between Figs. 3.5 (a)

nd (b).

(b)

7ig. 3.4 Speckle patterns (a) with and (b) without an applied voltage to the TN-LC cell. The

ybject is stationary.
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Fig. 3.5 One-dimensional scan for the intensity of each speckle pattern shown in Figs. 3.4 (a)

and (b).
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Y=0

Ty L
T
T

e s

8

16

Y (Pixel) 24

<

32

16

24 216 -8 0
X (Pixel)

-32

-40

Fig. 3.7 Joint transform correlation with no displacement of the object.

45



Figure 3.7 shows the calculated joint transform correlation function of the clipped
specklegram by the computer when the object is stationary. The quarter of the area ( i.e. 64x64
pixels ) for the calculated correlation function is plotted in this figure. The origin of the X-Y
coordinate corresponds to the correlation peak of the stationary speckle pattern without the
spatial shifter. The correlation peak shift 14 pixels from the center of the coordinate to the X
direction, which the shift to the Y direction is zero. Then, the position of the shifted correlation
peak in Fig. 3.7 becomes a new origin for the speckle displacement measurement in the
proposed method of the joint transform correlation.

The joint transform correlation function are shown in Fig. 3.8 when the object is
displaced along the Y direction ( the X component is set to be zero ). The values of the
displacement are 0.2, 0.5, and 1.0 mm from Figs. 3.8 (a) to (c), respectively. The correlation
peaks also move to the Y direction. As is well known, the speckles move over the several
mean speckle sizes with remaining the peak value unchanged due to the employment of the
two-lens imaging system, namely, the decorrelation of speckle pattern is small over a wide
range of the speckle translation. Furthermore, due to the clipping effect of thé speckle
intensities, the correlation function is shérpened compared with the ordinary full-bit correlation

function. This effect makes it easy to detect the peak position with high accuracy.!3-18-20]

From the obtained correlation function such as shown in Fig. 3.8, the distances of
their peak positions from the correlation peak in Fig. 3.7, i.e. the new origin, are plotted
against the actual displacement of the object. The result is shown in Fig. 3.9. As is seen from
this figure, there is a good linear relation between the peak positions and the object
displacements. One of the main features of this method is that the direction of the displacement
can be detected from the direction of the correlation peak. In this case, the correlation peak, i.e.
the speckles, moves to the positive direction in the Y coordinate ( while the X component of
the displacement is zero ), so that it is concluded the object actually moves to the negative Y
direction in the object plane due to the employed imaging geometry. Thus, the two-
dimensional measurement for the displacement or velocity of the light scattering object can be

carried out by using the proposed method.
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In the experiment, we have used a ground glass plate which is a rather well-defined
diffuser and has little depolarization effect. When we use an actual diffuser such as a rough
metal surface or an opal glass plate, the depolarization effect by such a light scattering object
plays an important role for the formation of the speckle pattern. But, in this case, we can select
a certain polarized state of the speckle pattern though a polarizer. Actually, the polarization
filter is inserted in front of the spatial shifter in the experiment as shown in Fig. 3.3. We have
also tried to measure the displacement for a light scattering object having a depolarization
effect and verified that this method can be applied to such an object. As for the deformation of
speckles, the effect of the speckle decorrelation may not be assumed negligible for a large
surface deformation, although speckles deform little for a pure translation state of a light
scattering object. But, the deformation under usual interests in speckle applications is small, so
that one can expect a similar speckle pattern even after the deformation of the object and the
proposed method can be still applied.

However, the switching speed of the TN-LC cell used in the experiment is rather slow
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and is about 100 ms. Therefore, this TN-LC cell is suited for the displacement measurement or
the velocity measurement of a slowly moving object. For a velocity measurement in most cases,
a faster polarization switching device may be required to realize a real-time JTC based on the
proposed method. Currently, a FLC device which has a switching speed of the order of micro-
second to several tens of micro-second is available as the polarization switch. This value of the
switching speed is satisfactory for most mechanical application in speckle metrology. In this
case, a SLM having a faster switching speed compatible with the speed of the FLC polarization
switching device is also required to implement a real-time optical correlator. Fortunately, a
FLC-SLM which has the same switching speed as the FLC polarization switching device is
now available. Besides, as already mentioned in section 2.2, a FLC-SLM also has the attractive
feature of double and multiple exposure capability of images, so that a joint pattern can be
easily formed in real-time. We have presented an experiment using such devices and it is

described in the following section.

3.3 REAL-TIME OPTICAL JTC
FOR SPECKLE MEASUREMENTS USING FLC-SLM

We have described an optical implementation to obtain a joint pattern by using a spatial shifting
unit which consists of a polarization switch of a 90° TN-LC cell and a birefringent plate in
section 3.2.13211 By the introduction of the spatial shift for the input pattern, we could obtain
not only an object displacement but also its direction in thek speckle measurements. In that
experiment, we successfully composed a joint pattern and digitally calculated a joint transform
correlation from the optically composed joint pattern. But the switching speed of the TN-LC
device used in that experiment is rather slow and is about 100 ms, so that it is useful only for
the measurements of rather slowly moving object or static displacement and its speed was not
sufficient for dynamic speckle measurements.

In this section, we employed a FLC cell as a polarization switching device instead of a
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TN-LC cell because of the capabilities of the faster switching operation. The FLC polarization
switching device used in the experiment can operate as fast as 100 ps and behave as a half
wave plate. For the optical realization of the JTC, we also employed an optically addressed
FLC-SLM which can operate as fast as the switching speed of the FLC polarization switch.
Optically addressed FLC—SLM has been used in performing optical correlation, real-time
holography, optical phase conjugation, real-time incoherent to coherent light conversion,
neural computation, and other various optical information processings.!32224] Here, the
important feature of the FLC-SLM is the capability of multiple exposures for input patterns.
The FLC-SLM has a memory effect so that it is possible to overwrite multiple images. A real-
time optical JTC for speckle applications is proposed based on these characteristics of FLC
polarization switching device and FLC-SLM. By using the combination of a FLC polarization
switch and a birefringent plate, an appropriate spatial shift can be quickly given to the
successive two patterns. The speckle patterns before and after the deformation or the
movement of an object are taken as a doubly exposed joint pattern onto the FLC-SLM
synchronizing with the operation of a FLC polarization switch. The joint pattern is optically
processed and the JTC pattern is finally obtained. The cycle time of the FLC devices used in

the experiment is as fast as several ms. We performed the object velocity measurement and the

object speed up to 100 mm/s can be measured at modest operation of the FLC devices.
3.3.1 Principle of Spatial Shift

The main elements of the module to produce a spatial shifted joint pattern are a FLC
polarization switch and a birefringent calcite ( CaCO; ) plate. By using this module, an
appropriate spatial offset between successive two speckle patterns can be quickly given. The
principle of the method for the spatial shift by using a FLC device is almost the same as that by
using a TN-LC device. But the operation of a FLC device is a little bit different from that of a

TN-LC device. Consider the situation where a p-polarized pattern passes through a FLC
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polarization switch as shown in Fig. 3.10.
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Fig. 3.10 Principle operation of the spatial shift for an input pattern.

As already mentioned in Section 2.2, when the molecules of chiral semectic-C* liquid

crystal form a thin layered structure, the electric polarizations of the molecules have two
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preferred orientations and the orientation can be selected by an externally applied electric field.
The liquid crystal material is nominally a uniaxial birefringent medium with its optic axis
parallel to the average orientation of the liquid crystal molecules. By properly setting the
thickness of the FL.C layer and the liquid crystal orientations, the polarization of the input light
at an appropriate wavelength is changed by 90°. Namely, the FLC cell functions as a half wave
plate. For example, when the applied voltage to the FLC switch is positive, the p-polarization
of the pattern rotates 90° for an appropriate orientation of the liquid crystal molecules and
becomes a s-polarized pattern as shown in Fig. 3.10 (a). On the other hand, it remains
unchanged when the applied voltage is negative as shown in Fig. 3.10 (b). The switching speed
of the polarization is in general faster than 100 us for a FLC device, while it is ~100 ms for a
TN-LC device.

To give a spatial shift to the second pattern with respect to the first one, a birefringent
plate is inserted behind the FLC polarization switch. If the optic axis of the birefringent crystal
is lying at the same plane as the p-polarization as shown in Fig. 3.10 (a), the transmitted light
through the birefringent plate becomes an ordinary ray and no spatial shift of the pattefn occurs.
On the other hand, the p-polarized light bécomes an extraordinary ray after passing through the
birefringent plate as shown in Fig. 3.10 (b). Thus, a certain amount of the spatial shift is given
to the second pattern by selecting the applied voltage with appropriate‘time sequence to the
FLC polarization switch. The amount of the shift depends on the length of the crystal along the
light transmission and the wavelength used. By inserting this spatial shift module in front of an
FLC-SLM, the joint pattern can be taken by the FLC-SLM which plays an important role as a

double exposure device.
3.3.2 Experiments

The whole system of the real-time optical speckle JTC is shown in Fig. 3.11. A rotating ground

glass plate mounted on a two-dimensional X-Y stage by which we can select the position of
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the illumination on the glass plate is illuminated by a direct beam from a 50 mW He-Ne laser
LASER 1 operating at the wavelength of 633 nm. A speckle pattern is generated by the
rotating ground glass plate. The speckle pattern is imaged by a single lens L1 ( £=100 mm )
together with an aperture ( 12 mm ) which controls the size of the image speckle. The
magnification of the lens L1 in the speckle imaging was 7.5. The average speckle diameter Ds

can be estimated by the parameters of the imaging system and is given by

Ds = 1.220(1+ M)F, (3.4)

where A is the wavelength, M is the image magnification, and F is the F-number of the imaging

lens. Thus, the speckle size becomes about 50 um on the FLC-SLM.

BEAM
SPLITTER

M1

LASER 1
il

ROTATING
GROUND
GLASS

TV
MONITOR

Fig. 3.11 Schematic diagram of speckle detection and the optical JTC. FLC PS: FLC
polarization switch, BP: birefringent plate, AOM: acousto-optic modulator, and P1-P3:

- polarizers.
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Fig. 3.12 Principle operation of the FLC light valve.

The FLC polarization switch used in the experiment is a commercially available
intensity switching device ( Displaytech LVO50AC FLC Light Valve ) driven by an electrical
signal. Originally, this FLC Light Valve is intended for use as a high speed, broadband opticgl
shutter, chopper or modulator. The device consists of a thin cell of FLC material between -
crossed polarizers as shown in Fig. 3.12. Incoming ?ight passes through the first linear polarizer

and then through the FLC cell. Transparent electrodes on either side of the cell allow a drive
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voltage to be applied to the cell. When the voltage is +V, the polarization plane of the light is
changed by 90°. The light then passes through the second polarizer. This is the open or
transmitting state. When the voltage is -V, the linearly polarized light passes through the cell
unchanged. The light is then blocked by the second polarizer. This is the closed or non-
transmitting state. Thus, the device transmits light when the voltage is +V but does not
transmit light when the voltage is -V.

The FLC cell functions as a voltage switchable half wave plate. It can be optimized
for a chosen wavelength of light. Since the cell is a very thin first order wave plate,
wavelengths on either side of the design wavelength are changed by very nearly 90°. Hence the
device has usable performance over a broad range of wavelengths.

In our experiments, the polarizer and the analyzer were removed to use it as a
polarization switch. The speckle pattern is detected by an optically addressed FLC-SLM
through a spatial shifter unit which is discussed in the previous section. By using this spatial
shifter, a Vspatial offset between the successive two speckle patterns is given. The amount of the
spatial offset depends on the length of the birefringent calcite crystal along the light
transmission. The FLC polarization switch has a circular aperture and the diameter of its clear
aperture is 12 mm. The clear aperture of the birefringent plate is 20x20 mm2 and the thickness
of the crystal is 4.59 mm which corresponds to a spatial shift of the extraordinary ray of 0.5
mm at the wavelength of 633 nm. The molecules of the FLC polarization switch have two
preferred orientations, separated from each other by 45°, so that, for a polarized light at an
appropriate polarization angle of incidence, one can change the polarization 90° by switching
the applied voltage. The raise time of the FLC polarization switch is 50 ps.

The clear aperture of the FLC-SLM is 20x20 mm?2 [325] and the average power on the
FLC-SLM used in the experiments was roughly estimated to be several hundreds uW/cm2.
Then, the patterns before and after the displacement of the object motion are written onto the
FLC-SLM and the joint pattern is formed as a doubly exposed speckle pattern. The FLC

device has bistable characteristics and the effect can be used as a memory. The optical axis of
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the FLC molecules is switched between two stable orientations. Therefore, the FLC-SLM
behaves as a binary threshold device for the input light. Thus, the FLC device can be used not
only as a polarization switch but also a SLM. The general operation characteristics and
structures of FLC-SLMs have been described in Section 2.2. The operation of the FLC-SLM is
synchronized with the polarization switch. There are two possible drives of the FLC-SLM to
write a doubly exposed pattern: one is optical and the other is electrical ( see Section 2.2 ). We
employed the electrical writing mode for easiness of the experiment, though the optical writing
mode has better visibilities because of little blurred effect of the patterns taken by the FLC-
SLM. |

Figure 3.13 shows an example of the time chart of the driving voltage signals for the
FLC-SLM and the FLC polarization switch for the double exposures. Both the FLC-SLM and
the FLC polarization switch were driven by zero mean AC voltages to avoid unwanted phase
changes of the molecules. In Fig. 3.13 (a), an erase pulse must be applied to the FLC-SLM to
eliminate the device history since it has a bistable characteristics. The duration of the erase
pulse was typically 2 ms. The write patterns are recorded during the write intervals by positive
write-in pulses. Finally, when the read-in beam is incident from the back side of the FLC-SLM
only during the read interval, the stored image is read out. In Fig. 3.13 (b), the FLC
polarization switch is not driven by a squared wave signal but a specific optimized waveform
to facilitate fast switching of the FLC material and promote long lifetime of the device. Then
the waveform exhibits a +15 V switching transient which is 300~600 us decays to a =5 V
switching voltage as illustrated in Fig. 3.13 (b).

The polarization of the pattern passing through the FLC polarization switch is
changed between the successive exposures. The time interval of the successive pulses was
typically about several hundreds us to 1 ms. Between the successive pulses, the speckle pattern
moves certain amount across the FLC-SLM plane, while the patterns are assumed to be
stationary within the write-in pulse durations. The width of each pulse was typically one

hundred micro-seconds depending on the input light intensity of the pattern. The polarization
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of speckle pattern is switched by the FLC polarization switch synchronized with the operation

of the FLC-SLM. It is possible to set a shorter time separation for the double exposures
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The joint pattern taken by the FLC-SLM was read by a He-Ne laser LASER 2 in Fig.
3.11 and the read coherent pattern was optically Fourier transformed by a lens L2 ( £=200
mm ). The read beam from LASER 2 is turned on by an acousto-optic modulator only at the
reading operation to avoid unnecessary exposures to the FLC-SLM. The Fourier transformed
pattern was enlarged by an objective lens L3 ( x10 ). The Fourier transformed pattern was
imaged onto the screen SCREEN 1 and taken by a CCD camera CAMERA 1. Then, it was
displayed onto an LCTV-SLM. The Fourier transformed pattern, i.e., the fringe pattern, was
again optically Fourier transformed by a lens L6 ( £=100 mm ). Then, we obtain a joint
transformed pattern on a CCD camera CAMERA 2 through a magnification lens L7 ( x10 ).
The whole system was controlled by a micro-computer and the CCD cameras were also
synchronized with the operation of the FLC switch and the FLC-SLM. Thus, the object
velocity can be measured at time resolution less than or around 1 ms, but the sampling rate is

limited by a TV frame rate of 1/30 s in the experiment.
3.3.3 Results and Discussion

By using the system described in the previous subsection, we conducted an in-plane velocity
measurement of the rotating ground glass plate. Figure 3.14 shows the ‘Fourier transformed
pattern of a joirit speckle pattern and its Fourier transformed pattern, i.e., the joint correlation,
taken by the CCD cameras for a stationary object. The spatial offset was given to the
horizontal direction in the figure so that several vertical fringes can be seen at the Fourier plane
of the joint pattern as shown in Fig. 3.14 (a). The time interval between the two write-in pulses
to the FLC-SLM was set to be 850 ps and the duration of the write-in pulses was set to be 150

us in the experiment. Fig. 3.14 (b) is the optical Fourier transformed pattern of the fringes of
Fig. 3.14 (a). Both the DC components of the fringe pattern and the correlation pattern were
suppressed by the masks on the screens to obtain appropriate signal levels on the CCD

cameras. The distance between the correlation peaks in Fig. 3.14 (b) correspond to the spatial
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ffset. The position of the either correlation peak in Fig. 3.14 (b) becomes a new origin for the

peckle velocity measurement.

(b)

lig. 3.14 (a) Fringe pattern obtained by the Fourier transform of a joint pattern for the

tationary object. (b) Optically calculated joint transform pattern.
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(2) (®)

fig. 3.15 (a) Fringe pattern when the ground glass plate rotates clockwise direction. (b) Joint

ransform pattern.

(a) (b)

fig. 3.16 (a) Fringe pattern when the ground glass plate rotates counter-clockwise direction

inverse direction of Fig. 3.15 ). (b) Joint transform pattern.
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Figure 3.15 shows examples of the fringe patterns and the JTCs for the object in
motion. The fringes in Fig. 3.15 (a) do not align for the vertical direction any more due to the
rotation of the ground glass plate. From the corresponding peaks of the joint transformed
pattern in Fig. 3.15 (b), we can obtain the magnitude and direction of the motion of the
rotating ground glass plate at the illumination spot. The distance between the correlation peaks
in Figs. 3.14 (b) and 3.15 (b) represents the magnitude of the motion and its direction from the
origin represents the direction of the motion. The detection principle of the magnitude and the
direction has been discussed in detail in Ref. 3.14. Figure 3.16 shows another examples of the
results.-In this figure, the location of the illuminating spot on thg ground glass plate is the same
as in Fig. 3.15, while the direction of the rotation is opposite to that of Fig. 3.15. It is easily
seen that the correlation spots in Figs. 3.15 and 3.16 are symmetrically situated. The magnitude
and the direction of the motion are also calculated from the distance and direction between the

origin and the correlation peak.
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Fig. 3.17 Relation between the object velocity and the correlation peak displacement.
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Figure 3.17 shows the result of the velocity measurement. Though we can measure
not only the magnitude of the object motion but also its direction, we only displayed the
relation between the magnitude of the velocity and the correlation peak displacement. We
could obtain a good linear relation between the peak displacement and the object velocity so
that the system can be used for speckle velocity measurements. By using 2 TN-LC device as a
polarization switching device, we could only measure static displacement of an object as shown
in Section 3.2. On the other hand, by using a FLC polarization switching device and a FLC-
SLM, the measurement of an object motion up to 100 mm/s can be performed at a modest
operation of the FLC devices as shown in Fig. 3.17. The limitation of the speed in the current |
experiments is originated from the separation of the speckle pairs on the FLC-SLM (ie, 05
mm ) and the time interval between the successive exposures ( i.e., several hundreds us ). A
faster object velocity measurement is possible by using a high power laser. The speckle size we
used in the experiment was about 50 pm. The maximum resolution of FLC-SLM is said to be
200 /p/mm, so that finer speckle pattern can be stored in an FLC-SLM. From this point of view,
It is at present possible to achieve faster object velocity measurement by employing a ‘thinner
birefringent calcite plate and smaller magnification of the speckles even for the same operation
condition of the FLC devices. Thus, by using FLC devices, dynamical speckle measurement
can be done in two-dimensional space. The device with such a high speed switching capability

is especially very suitable for dynamical mechanical measurements.

3.4 SUMMARY

We have described a method for the generation of a joint pattern to calculate a joint transform
correlation function for speckle applications in Section 3.2. To give a spatial shift to the
pattern, the combination of a 90° TN-LC cell and a birefringent calcite plate has been used
based on the polarization switching by the TN-LC cell and the optical path separation between

the o- and e-rays through the birefringent plate. The successive two speckle patterns before
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and after the displacement have been detected. A spatial shift has been given to the latter
pattern, so that the joint pattern which is something like a specklegram but is different from an
ordinary one has been formed from the two patterns. Then, the joint transform correlation
function has been calculated. A good linear relation between the peak position of the
correlation function and the object displacement has been obtained, which enables the
application of this method to displacement and velocity measurements in speckle techniques.

In Section 3.3, we have successfully realized a real-time high-speed joint transform
correlator for speckle applications by using FLC devices which can operate faster than a cycle
of several ms. To make a spatial shift for a pattern, the combination of a FLC polarization
switch and a birefringent plate has been used. The joint pattern before and after the motion has
been written onto a FLC-SLM as a double-exposure image synchronized with FLC
polarization switch. The | joint pattern has been optically processed and the JTC pattern has
been obtained. An object speed as fast as 100 mm/s can be measured by the currently proposed
system at its modest operation. The switching speed of the FLC devices and the order of the
speed obtained in the experiments are satisfactory for ordinary mechanical applications in
speckle metrology.

At the second stage of the optical Fourier transform, we have used a CCD camera and
a LCTV-SLM to obtain a final joint transform pattern. Therefore, the velocity can be measured
at a time resolution as fast as 1 ms, but the sampling rate is limited by a TV frame rate of 1/30
s. If an another FLC-SLM is available for the second optical Fourier transform in the system, a
faster sampling rate can be achieved by synchronizing the second FLC-SLM with the first
FLC-SLM and the FLC polarization switch. Though FLC-SLM is a very attractive and
promising device for real-time optical processing and computing, the sensitivity of the device
to an input light, which is actually limited by the sensitivity of a transparent conduction
electrodes, is not so high and a rather high power laser must be used especially for writing a
pattern. So this point should be improved to realize a compact joint transform correlator by

using a compact and small power laser systems.
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Real-time optical image subtraction and edge
enhancement based on a speckle modulation technique
are carried out by using FLC polarization switches and a
FLC-SLM. A FLC-SLM is employed as a real-time and
multiple exposure optical device and the successful
results are obtained from three exposure images
modulated by speckles. Thus, the image subtraction and
edge enhancement are realized in real-time. The whole
operation is performed within several ms with a modest
condition of the operation. As the used FLC-SLM has a
high resolution more than 100 lp/mm and can store fine
speckle patterns, thg image qualities for the obtained

results are quite satisfactory.

CHAPTER 4

REAL-TIME OPTICAL IMAGE PROCESSING
USING FLC DEVICES BASED ON
SPECKLE MODULATION



Laser speckle technique is used not only in optical measurements but also in various fields of
optical information and image processing such as to extract the difference between two images,
image coding and decoding, and image multiplexing. Speckle pattern can carry the information
of images by its random nature of the coding. Optical image subtraction and other optical
information processing based on the speckle modulation technique have been proposed since
early 1970s.141-3] The speckle modulation technique has also been applied to speckle
metrology. In usual, an image to be processed has a rather low frequency signal component
and has a small diffraction area in the Fourier plane. But, by the introduction of speckle
modulation, its information is enforced to be spread out in the high frequency region. Thus, the
technique makes it easier to filter the Fourier spéctrum and process the input image. But the
proposed methods were almost based on the photographic technique by which the real-time
processing is not possible. As an alternative method, a video system is used for the processing,
however, the resolution of the imaging device and the total number of the pixels are currently
not sufficient to obtain good results and it is also limited by the video frame rate.

As already mentioned, optically addressed SLMs are easily available and they are
expected to be rewritable real-time devices in optical information processing and optical
computing. One of the promising devices is a FLC-SLM which is used in various fields of
optical information processing such as real-time speckle metrology,*#-! real-time optical
correlation, %] optical phase conjugation,*7] real-time holography,*#* and apto-electronic
neural networks.[*19 The FLC-SLM has attractive features of high sensitivity, high gain, fast
response, multiple-exposuré, capability, and high resolution as a real-time optical spatial light‘
modulator.

In this section, we propose a novel techniques of real-time image subtraction and edge
enhancement by using a FLC-SLM and FLC polarization switches based on the speckle
modulation. In the proposed system, we employed a FLC-SLM as a realtime multiple-
exposure device instead of a photographic plate. We also used FLC polarization switches

together with birefringent plates to generate appropriate spatial offsets to realize the image
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subtraction for the successive exposures. By using the same optical system as that for the
image subtraction, the edge enhancement of an image is performed by using the successive
exposures with focused and defocused imaging systems. The exposed pattern on the FLC-
SLM is optically Fourier transformed and filtered by a slit filter at the Fourier plane. Finally,
the edge enhancement image is obtained by the optical Fourier transform of the filtered
patterns. The FLC-SLM can be switched as fast as us, so that it is possible to perform image
subtraction and edge enhancement within several to ten ps at its fastest operation rate.
Therefore, the potential operation speed is expected to be much faster than that of the
conventional system. The actual switching speed of the FLC-SLM is dependent on the
incoming light level. The other merit of the use of FLC-SLM with speckle modulation
technique is that FLC-SLM can store high frequehcy information due to its high resolution

image capture capability.
4.1 THEORY OF SPECKLE MODULATION
4.1.1 General Principle

A laser speckle pattern contains high spatial frequencies and is able to carry the information of
images by a random coding. It gives a wide spread-out field in the spectrum plane of the signal,
and this facilitates the operations of filtering. The method of the subtraction between images by
speckle modulation has already been studied by using a photographic film or video devices.[4'2]
Figure 4.1 (a) shows the recording geometry in the conventional method of the speckle
modulation. Let A be a signal to be processed. Generally, it is a transparency with a(x,y) as
its light distribution. A high resolution photographic plate H, placed immediately behind A
records the product a(x,y)- g(x,y), where g(x,y) is the speckle pattern produced by the
ground glass G. The distance between A and H is so small that they can be considered to lie in

the same plane. The photographic plate is exposed twice to the speckle pattern and between
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the exposures it is translated through y,. The total light recorded is
a(x,}) g(x,y) +a(x,y-yy) g(x,y - ).

This expression can be rewritten as
[a(x, ) g(x,»)]#[8(x,y) +8(x,y - 3,)],

where the symbol * denotes a convolution operator and the function 8(-) is the delta-function.
The photographic plate is processed under the usual conditions of linearity and it is
illuminated by a parallel beam of light, as shown in Fig. 4.1 (b). The amplitude transmitted is

given by
1(x,y) = o~ B{[a(x,y) - g(x, ) ]#[8(x,») + 8(x,y - yo) ]}, » 4.1)

where o and  are constants representing the transmittance of the unexposed film and the slope

of the amplitude transmittance versus energy of exposure, respectively. The amplitude

distribution in the focal plane of lens L1 is the Fourier transform of #(x, y), that is

T'(u,v) =a-8(u,v) - B{[A(u,v)*G(u,v)] ~[1 + exp(~j%;v~yo)]}, (4.2)

where (u,v) is a Fourier angular coordinate of a point in the focal plane of lens L1. The upper
letter functions are the Fourier transforms of the corresponding lower letter functions, and A
is the wavelength of light. The first term on the right-hand side of Eq. (4.2) represents the
direct image of the source which is located in F at the focus of L1. It can be neglected due to

its small size. In the second term, apart a constant, the spectrum of the product
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a(x,y)-g(x,y) is modulated by the factor 1+ exp(~j2mvy, / \) which represents a system

of Young‘s fringes the light of which is proportional to cos? (mvy, /M)

Laser i
—————

H
G A H
(2)

Fig. 4.1 Optical images processing by speckle modulation. (a) Recording of the transparency A
modulated by the speckle pattern and (b) optical filtering system. G: ground glass, A:

transparency, and H: photographic plate.

Consider a slit placed in the focal plane of L1 and so positioned that the slit coincides

with a maximum fringe; such a slit allows the signal to give its image in the plane H' conjugate
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to H. If the slit is translated in its plane through half a period so that it falls on a minimum
fringe, no information from the signal will be transmitted. The slit acts as a filter for the
extractioﬁ of the required information. The reconstructed image a(x,y)-g(x,y) in the plane
H' is modulated by a speckle pattern g(x,y), but due to fine structure of the speckle such

modulation is not visible.
4.1.2 Detection of the Difference Between Two Images

Let A and B be the two signal to be compared, and A and B are copied on the same high
resolution photographic plate H, as shown in Fig. 4.1 (a). During the first exposure, A is
placed against H and is illuminated by means of a speckle pattern from the ground glass G. A is
then replaced by B, but before the second exposure, H is given a small translation in any
direction. Figure 4.2 represents an area of H after the development. In areas where A and B
are identical, for each speckle grain recorded with A, there correspondé an identical speckle
grain recorded with B. The distance between two identical grains is equal to the translation
given to the plate H between the two expo‘sures. On the other hand, in areas where A and B
are different, the intensities of the corresponding points are different. If in a certain area A is
completely transparent and B is opaque, only the speckle grains recorded with A will be
present. Let H be illuminated with a collimated beam as shown in Fig. 4.1 (b), then , the lenses
L1 and L2 form an image of H at H'. In areas where A and B are identical, there are groups of
two identical grains. These grains diffract light, and two identical grains such as A; and B,
yield Young's fringes in the focal plane of lens L1. This is true of all the areas of A and B that
are identical. If an opaque screen with a slit is placed in the focal plane in such a way that the
slit coincides with a dark fringe, the light from A; and B; will not reach the image H'. This is
true for every group of two identical grains, and therefore the light from all the identical areas
of A and B will disappear from the image H'. Consider areas where A and B are different. The

two corresponding grains are different and do not diffract the same luminous intensities. They
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yield Young's fringes with non-zero minima. Some of the light goes through and reaches H'.
Only. areas of A and B which are different are seen in H' and, thus, the difference A-B is
observed.

Although the photographic plate has superior resolution and sensitivity it can not be
real-time operation. In this chapter, we employed a FLC-SLM as a real-time film instead of a

photographic plate to detect difference between two images quickly.

Fig. 4.2 Structure of the resulting speckle on H.

4.1.3 The Light Distribution in the Image Plane

The technique just described may be explained by means of a very simple mathematical
development. When the two images modulated by speckle pattern at a x-y coordinate are
exposed twice on the real-time imaging device such as a FLC-SLM used in this experiment and
the speckle translation y, to the y-direction between the successive exposures are introduced,

the total intensity 7(x, ) to be recorded is written by
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((x,) = [a(x,7) (6,9 d(x, y +20) + [5(x, ) £ (x, ) Iwd(x, 7 - 2)
=[a(x,y>-g(x,y>1*[a(x,y+?;—°)+6(x,y——¥22)1 (4.3)

~[d(x,5)-g(x, )b,y - 20),

where d(x,y) =a(x,y)-b(x,y) is the difference between the two images, a(x,y) and
b(x,y) are the functions corresponding to the images A and B, respectively, and g(x,y)
represents the speckle pattern. The optical Fourier transform of the intensity #(x,y) is given

by

I'(u,v) = 2[A(u,v)*G(u,v)]-cos(—J—;v—yo) -—[D(u,v)*G(u,v)]-exp(-—j—:r;—‘iyo). 4.4)

The first term of Eq. (4.4) is a fringe term produced by the speckle translation. If the Fourier
transformed pattern is filtered and the information around the dark fringes, i.e. cos(mvy, /A) ~
0, is passed through the filter, only the second term is extracted and the subtraction of the
images is obtained by the optical Fourier trénsform of the filtered pattern. If the speckles are
fine enough in the image space, the Fourier function G(u,v) becomes a broad function and
the information of the image subtraction D(u,v) is fully extracted by the filtering.

With two exposures, the first term of Eq. (4.4) is modulated by Young's fringes as
shown in curve 1 in Fig. 4.3. Then, the slope of the curve at M is non-zero. In order to let go
through the least amount of light from the identical regions of A and B, a narrow slit must be
used and this is not favorable to the quality of the filtered image. To improve the quality of the
filtered image by modifying the shape of the fringes, three- or multiple-exposure technique is
employed to obtain a sufficient intensity level.[*2] In the proposed real-time image processing,
a three-exposure technique of the patterns is demonstrated by using the multiple-exposure
capability of a FLC-SLM. In the three-exposure procedure, at first, a spatial translation -y, of

the speckle pattern associated to the image A is given for an exposure time f, /2 and, then, the
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image B modulated by the speckle pattern without translation is exposed for a duration 7.

Finally, the image A modulated by the translated speckle pattern with y, is exposed for #,/2,

i.e. the exposure times proportional to the binomial coefficients. These recordings are tabulated

in Table 4.1.

Table 4.1 Three-exposure recordings

Exposure Images Translation Exposure time
].St A “'yo tO /2
2nd B 0 2
3rd A Yo 1,12
The recorded light intensity on the FLC-SLM is given by
1 1
1(x,y) =[a(x,y) 85I O(x,y + ) + 50(%.y =3)]
b .
+[0(x,y) - g(x,¥)]*8(x,y) 1 1 @5)
=[a(x,y)-g(x, »)1+[8(x, ) + 7008y +30) +20(x,y = o)
—[d(x,y) g(x,»)]*8(x, ),
and the corresponding Fourier spectrum is calculated as
T(u,v) = 2 A(9)+G(u,)]-c05" (5= 3y) ~[D(w,v)G ()] (4.6)

The fringe modulation is proportional to the square of the cosine term which is represented by
curve 2 in Fig. 4.3. The resulting flat minimum at M, i. e., the dark fringe parts are enlarged

compared with those of the two-exposure. The necessary information here is again only the
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difference of the two images and it can be extracted for the negligible small value of the first
term in Eq. (4.6). Thus, comparing with two exposure case, we can use a wider slit to filter the

Fourierpattern and obtain a good filtered image.

cos(nvyo/l)

cos’(x vy,/ )

N o mew m e A b ses e o s ek e M S EE e s e e e
.

Fig. 4.3 Structure of the fringes in the spectrum for two exposures ( curve 1 ) and for three

exposures ( curve 2 ),

4.2 OPTICAL IMAGE SUBTRACTION

Real-time image subtraction is extremely important in image processing. Recently, a real-time
image subtraction by using a polarization modulation of LCTV-SLM has been proposed.[411]
But twisted nematic liquid crystals used for LCTV-SLMs has a slow response time and they

can operate at most by a video frame rate. However, the operation speed of the proposed
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system in this section is faster than 10 ms at the modest operations of the FLC devices and the
potential speed of ferro-electric crystal devices is two times or more faster than that of twisted

nematic crystal devices.
4.2.1 Optical Experiment

Figure 4.4 shows the whole optical setup for real-time detection of the difference between two
images based on speckle modulation. The right half of the figure is the write-in systen-1 for the
three-exposure image and the left half is the read-out system of the exposed image and the
optical filtering system. A ground glass plate is illuminated by a laser beam from a 50 mW He-
Ne laser ( Laser 1 ) at a wavelength of 633 nm. The depolarization effect through a ground
glass plate is usually small as far as its surface roughness is around or less than the optical
wavelength and the transmitted light through the ground glass, i.e. the generated speckle
pattern, is assumed to be linearly polarized. The speckle pattern is divided by a half mirror HM
and each pattern illuminates the image A or B through a lens L1 ( £=100 mm ). Birefringent
calcite ( CaCOj3 ) plates BP1 and BP2 are employed to give appropriate spatial offsets to the
speckle pattern. Three FLC polarization switches PS1, PS2, and PS3 with clear apertures of 12
mm are used to realize three exposures in real time. The polarization of an input light through
the FLC switch can be rotated by 90° by a positive applied voltage to the FLC cell. The
maximum switching speed of the FLC polarization switches is 50 ps. |

The detail of the real-time three-exposure technique is schematically shown in Fig. 4.5.
It is noted that the propagation of light here is from right to left in this figure. In Fig. 4.5 (a),
the linearly polarized speckle pattern passes through the FLC polarization switch PS1 as a p-
polarized pattern due to the negative applied voltage to the polarization switch. The p-
polarized pattefn is shifted by the birefringent plate BP1 as an extraordinary ray. The amount
of the shift depends on the length of the birefringent calcite crystal along the light transmission.

In our experiment, the birefringent plate has a size of 20x20 mm? and the thickness of the
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(a)

(b)

v (@

OPEN

Fig. 4.5 Principle operations for the real-time spatial shifts of a speckle pattern and the three

exposures.
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crystal is 4.59 mm which corresponds to a spatial shift of the extraordinary ray of 0.5 mm at
the wavelength of 633 nm, One of the shifted patterns which is divided by the half mirror is fed
to another birefringent plate BP2 and also has a further shift of 0.5 mm through it. The FLC
polarization switch PS2 is driven by a negative voltage at this time and the output speckle
pattern is a p-polarized pattern. Then, the speckle pattern is blocked out by the polarizer P2
and the image A is not written onto the FLC-SLM. The other pattern passes through the
polarization switch PS3 driven by a negative voltage and the pattern through PS3 is a p-
polarized one. The speckle pattern passes through the polarizer P3 and the produc-t of the
speckle pattern with the image B is taken. Then, the image B with the speckle pattern is
exposed onto the FLC-SLM for a time duration of #,. In the following, this speckle pattern is
assumed to be zero shift on the FLC-SLM. In Fig. 4.5 (b), the p-polarized speckle pattern is
switched to a s-polarized one by the positive applied voltage to the polarization switch PS1.
The switched ordinary-ray pattern is not shifted by the birefringent plate BP1 and it is
multiplied with the image A as shown in the figure. Then, the image A with the shifted speckle
pattern having the amount of the shift is -y, with respect to the first exposure péttern is
exposed onto the FLC-SLM for a time duration of t,/2. As the same manner, the image A
“with a shifted specklé pattern having the shift of y, is also exposed onto the FLC-SLM for a
time duration of #,/2 as shown in Fig. 4.5 (c). Thus, the three exposures of the images are
taken by using the multiple-exposure capability of the FLC-SLM.

' The lenses L2 and L3 used in the experiments in Fig. 4.4 have focal lengths of 100
mm and the both magnifications of the imaging systems are unity, so that the shift Yo of the
speckle pattern is 0.5 mm on the FLC-SLM. The average speckle size on the FLC-SLM is 25
um which is enough larger than the spatial resolution of the FLC-SLM. The images with
unshifted and shifted speckles are exposed by the FLC-SLM. The FLC-SLM used here is
developed by NTT and fabricated by Hamamatsu Photonics, K.K. The clear aperture of the
FLC-SLM is 20x20 mm? and the average light power on the FLC-SLM used in the

experiments was roughly estimated to be several hundreds uW/cm?. The spatial resolution of
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the FLC-SLM is measured to be more than 100 /p/mm at the experimental condition. The
general c?peration characteristics and structures of FLC-SLMs have been described in Section
2.2. The switching speed of a FLC-SLM depends on the incoming light intensity and the
typical switching speed of the FLC-SLM used is less than 100 ps. The FLC-SLM is operated
by synchronizing with the FLC polarization switches under the control of a micro-computer.

A typical example of the driving voltages for the FLC-SLM and the FLC polarization
switches is shown in Fig. 4.6. Figure 4.6 (a) is the trace of the voltage of two cycles for the
FLC-SLM. The modulation voltages both for the FLC-SLM and the FLC polarization éwitches
were 30 V at peak-to-peak value with zero mean. In Fig. 4.6 (a), an erase pulse to eliminate
the previous pattern due to the bistable characteristic of the device had typically 4 ms duration.
The write-in pulse duration for the first exposure with a positive applied voltage to the FLC-
SLM was 7,=300 ps and the pulse durations for the second and third exposures were the same
as 1y / 2=150 ps. Dead times of 800 us among each write-in pulse were introduced to adjust
the operations of the FLC-SLM and the FLC polarization switches. From Fig. 4.6 (b) to (d),
the driving voltages for the FLC polarization switches synchronized with the FLC-SLM
operation are shown. The FLC polarization éwitches were not driven by squared wave signals
but specifically optimized waveforms to facilitate faster switchings of the FLC material. Then,
the waveforms exhibits a 15 V switching transient which quickly decays of a}bout 300 us to a
+5 V switching voltage as illustrated from Figs. 4.6 (b) to (d). For each write-in pulse of the
FLC-SLM, it is easily recognized that the corresponding applied voltages of the polarization
switches are consistent with the operations shown in Fig. 4.5. The total cycle time of the read-
write is within several ms in this case, but it can be much shortened by employing higher
intensities of the write-in and read-out beams.

After the third exposure, the three-exposed pattern was read by a collimated read-out
light of a 10 mW He-Ne laser from Laser 2 as shown in Fig. 4.4. The read-out beam form
Laser 2 was turned on by an acousto-optic modulator AO only at the reading operation to

avoid unnecessary exposures to the FLC-SLM. The three-exposure pattern was Fourier
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transformed by a lens FT-L1 ( £=400 mm ) and the fringe pattern produced by the three
exposures was enlarged by an objective lens ( x10 ) which is not shown in Fig. 4.4. The typical
fringe separations are 2.4 mm at the Fourier plane. A slit filter of a width of 1 mm was placed
at the Fourier plane to pass through a dark fringe. The filtered amplitude which has the
information of the image subtraction as discussed in section 4.1 was again optically Fourier
transformed by a lens FT-L2 ( f=400 mm ). The resulted output pattern was imaged onto a
screen and taken by a CCD camera. Finally, the difference of the two image was displayed on a

TV monitor. The whole operation of the system was controlled by the microcomputer.

4.2.2 Results and Discussion

Based on the proposed three-exposure technique, the real-time image subtraction was
performed. At first, we compare the fringe patterns for two- and three-exposure images in the
experimental system. A speckle pattern produced by a ground glass plate without input images
in Fig. 4.4 was used to write two- and three-exposure patterns on the FLC-SLM. Figure 4.7
shows an example of observed Fourier fringes for two- and three-exposure patterns taken by
the system shown in Fig. 4.4. Of course, the proposed system can be uéed as a two-exposure
system by appropriate drives and timings for the FLC-SLM and FLC polarization switch
voltages. In Fig. 4.7 (a), the observed dark fringes for the two exposures are so narrow that we
must use a fine slit to extract the req;lired information. This results in an obscure and noisy
filtered output image. On the other hand, the dark parts of the fringes are enlarged for the
three-exposure case as shown in Fig. 4.7 (b) and, thus, we can obtain a better filtered image. In
this experiment, we used only a single slit filter. Nevertheless, the intensity levels and image
qualities of the obtained results were satisfactory due to the employment of the three exposures.
But high intensity and better quality images can be obtained by employing a multiple-slit filter

at the Fourier plane.
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(b)

Rig. 4.7 Examples of the Fourier fringes observed in the experimental system with speckle

yatterns only. Fringe patterns for a two-exposure (a) and for a three-exposure (b).
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(b)

©

Fig. 4.8 Result of an image subtraction. (a) image A, (b) image B, and (c) result of the image
subtraction A-B.
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Figure 4.8 shows an example of the image subtraction by using the proposed system.
The two?original input patterns are letters "SLM" and "L" as shown in Figs. 4.8 (a) and (b),
respectjvely. The letters "L"s in the both patterns were imaged at exactly the same position on
the FLC-SLM. These letters were recorded on the FLC-SLM with speckle patterns by the
three-exposure technique as already discussed. The each letter size was about 3x3 mm? on the
FLC-SLM. The three-exposure pattern was optically Fourier transformed and filtered by the
single slit filter. Then, the final output of the image subtraction was obtained by the Fourier
transform of the filtered pattern and detected by the CCD camera as shown in Fig. 4.8‘(0). The
pattern taken by the CCD camera is digitized by 0 to 255 gray scale and the signal levels of the
characters "S" and "M" in Fig. 4.8 (c) are from 140 to 150. The background noise levels are 20
and the levels for the residue of the subtracted image "L" are around 50. The noise and residue
are not visible in this figure due to the small dynamic range of the photocopy. The obtained
result is satisfactory and the modulation effect by the speckle grains is actually not visible

because each speckle is so fine.
4.3 OPTICAL EDGE ENHANCEMENT

Edge enhancement is used in optical associative memory,[*1? biological sample
observation,*13] and image processing.*14l In the optical pattern recognition, the edge
enhancement is one of the most important preprocessing techniques. For example, in an optical
correlator, cross-correlation signals éssociated with input objects that are similar to the
reference image can be greatly reduced by using the edge enhancement technique. |

There exists several methods to perform a real-time optical edge enhancement of an
image. For example, a high pass filter in a optical filtering system is used to obtain an edge
enhanced image. But, in this case, the intensity level of the resulted image is low due to the cut
of the DC component. Therefore, a phase filter which blocks around the zero order diffraction

spot is sometimes used as a rough approximate high pass filter to obtain a high intensity
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image. Another example is the method by utilizing real-time optical materials such as a
speciallyvdesigned edge enhancing SLMI*1317] and photorefractive crystals.[*18-1%] However,
a high»‘power laser source is usually necessary for the system operations and only a small
portion of the input light power can be used as an output. Further, a careful adjustment is
required for the arrangements of such optical systems. On the other hand, the optical
arrangement is not so difficult and the high output power efficiency can be attained by the
employment of the multiple-slit filter in the proposed method.

In this section, we propose a novel real-time edge enhancement by using ;che FLC
devices based on the speckle defocusing modulation and the operation speed of the proposed

system is faster than 10 ms at the modest operations of the FLC devices.
4.3.1 Principles of the Method

The real-time edge enhancement of an image is conducted based on the same principle of the
proposed image subtraction in Section 4.2. Consider the case that one of two images, say the
image B, is the same as the image A, but the iniaging system for the image B(=A) is defocused.
The speckle patterns to be modulated are almost identical between the images A and B as far

as the amount of the defocus is much less than the distance between the imaging lens and the
FLC-SLM plane. Then, the function D(u,v) in Eq. (4.6) is written by

D(u,v) = A(u,v)-[1-H(u,v)], ' 4.7
where the function H (u,v) is the optical transfer function ( OTF ) for the defocused imaging

system. The effect of a focusing error on the OTF is discussed in Appendix B. For example, for

a rectangular aperture, the OTF is given by
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(4.8)

Here, A(-) and sinc(-) are triangle and sinc functions, respectively, f, denotes the coherent

cutoff frequency of the imaging system, and w represents the maximum path-length error.

Fig. 4.9 Cross section of the OTF with defocus for a rectangular aperture. The parameter w is

the maximum path-length error.
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Figure 4.9 shows a one-dimensional plot of the OTF for various parameter values of
w. If the ‘second factor 1 - H (u,v) of Eq. (4.7) is approximated by (jku)(jkv) ( k being a certain
constant ), then, the exactly differentiated pattern of the image A, namely the edge enhanced
image, would be obtained by the Fourier transform of Eq. (4.7). In actual, for a rectangular
aperture, the second factor is not proportional to #v but rather to #*v* for a large amount of
defocus. However, as seen from Fig. 4.9, the OTF for a large amount of defocus has wide
linear region and the second factor in Eq. (4.7) can be assumed as a low pass filter. Thus, the
proposed system behaves as an approximate edge enhancement system for the input imége.

There are several techniques of edge enhancement based on digital image procéssing.
For example, unsharp masking{*2%] is a similar technique of edge enhancement which subtracts
an image from its blurred version in a digital computer. As is already discussed, fast optical
techniques for image edge enhancement are expected in many applications of image processing,

The proposed system is promising one for a fast optical image edge enhancement.
4.3.2 Experiments and Results

The same optical system shown in Fig. 4.4 is used for the real-time edge enhancement. But the
image B is the same as the image A, and the imaging system for B(=A) is defocused. Figure
4.10 shows two examples of the results for the edge enhancement of images. Figure 4.10 (2)
shows two defocused input patterns and Fig. 4.10 (b) shows the output patterns taken by the
CCD camera for the corresponding inputs. The maximum path-length error w introduced to
generate the defocused image is about w = A /2 which is calculated from the aperture size of
the imaging lens /=40 mm ( in the actual experiment, the aperture is circular ) and the amount
of the defocus of about 60 um. The OTF curve for the maximum path-length error w = A /2
has already been plotted in Fig. 4.9. In this experiment, the speckle patterns were shifted to the
horizontal direction in the figure. In spite of the roughly approximate system response for the

differentiation and one-dimensional shift of the speckle patterns, the obtained results are quite
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(a) | ®)

Fig. 4.10 Results of image edge enhancements. (a) input images and (b) results of the edge

enhancements.
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satisfactory and the speckle-grain effect is scarcely observed in the edge enhanced images.

4.4 SUMMARY

We have described real-time optical image subtraction and edge enhancement by using FLC
devices based on speckle modulation technique and have successfully realized the real-time
high-speed image subtraction and edge enhancement. The spatial shifts for a speckle pattern
have been easily given through optical components consisted of the combination 'of FLC
polarization switches and birefringent plates, and multiple-exposure images through a focused
or defocused imaging system have been written onto the FLC-SLM. The subtracted and edge
enhanced images have been successfully obtained from these multiple-exposure patterns by the
Fourier filtering. There are several method for real-time image subtraction and edge
enhancement, however, the proposed method has some advantages over the previous methods
as discussed in Sections 4.2 and 4.3.

FLC devices have attractive features of high-speed switching, memory effect and
multiple exposures, and polarization and intensity switching capabilities, and they surely
become promising devices for real-time optical information processing and optical computing.
One of the drawbacks of currently available FLC-SLMs may be the sensitivity for a write-in
intensity. This point should be improved to realize a faster, compact, and small power laser

system in these fields.
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Optical associative memory for pattern recognition using the
Hopfield -model has the advantage of the simplicity of its
structure of the memory. But the further investigations reveal
that the storage capacity of the Hopfield model is quite limited
because of the number of spurious states and oscillations. In
order to alleviate the spurious state in the Hopfield neural
network, the concept of the terminal attractor ( TA ) has been
introduced. In this chapter, we apply the TA model to associative
memory neural network for pattern recognition and compare it
with the conventional Hopfield model. The computer simulations
Jor pattern recognition have been performed by using 6%6
neurons and 3 stored patterns in the network. For the feasibility
of optical implementation of the TA model, a neural network with
4x4 neurons and 3 stored patterns is tested by using LCTV-
SLMs in the experiment. These results indica?e that the TA model
can reduce spurious states in the Hopfield neural network and

the recalling capability can be much improved.

CHAPTER D

OPTICAL ASSOCIATIVE MEMORY
FOR PATTERN RECOGNITION



Neural network modeling has given an impetus to work in the fields of electronic and optical
information processing since early 1960s.1>1-3] 1t is well known that neural networks in the
human eye-brain system process information in parallel with the aid of large numbers of simple
interconnected processing elements, i.e., the neurons. It is also known that the system is very
adept at recognition and recall from partial information and has remarkable error correction
capabilities.

Two broad approaches to implement optical analogues of neural networks have been
developed. The first approach utilizes vector-matrix-oriented optical processors based on
spatial light modulators and/or arrays of emitters and detectors.’-34! The second approach
uses a holographically oriented processor based either on nonlinear media with saturable gain
or on holograms used in resonator cavities.[>->8!

In this chapter, we present a new optical associative memory neural network for
pattern recognition based on the TA model and compare it with the conventional Hopfield
model associative memory. LCTV-SLM:s are used for the optical realization of such a system.

Since most of optical devices used for a SLM have a binary nature, we modified the TA model

to agree with optical system.
5.1 CONVENTIONAL ASSOCIATIVE MEMORY

Pattern recognition in neural networks is based upon a selection of memories ( from N given
categories ) into which a certain set of pattern are stored. Hopfield described a simple neural
network model for the operation of pattern recognition and associative memory.!>-”] The action
of individual neurons is modeled through a thresholding operation and the information is stored
in a stable equilibrium points in the interconnections among the neurons. The computation is
performed by setting the state ( on or off ) of some of the neurons according to external
stimulus and, with the interconnections according to the recipe that Hopfield prescribed, the

state of all neurons that are interconnected to those that are externally stimulated
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spontaneously converge to the stored pattern that is the most similar to the external input. The
basic operation performed is a nearest-neighbor search, a fundamental operation for pattern

recognition, associative memory, and error correction.
5.1.1 Basic Model

Let us consider a discrete type of the Hopfield neural network consisting of N neurons with

outputs +1 as shown in Fig. 5.1. We represent the connection weight from the jth neuron to

the ith one by /¥, and the output of the ith neuron at time 7 by x;(¢). This network has 2"
possible states, and the current state is described by an N-dimensional vector X = (xl,...,x,,)T,
where the superscript T denotes the transpose. We will denote the network state at time # by
X;.

Let XO x@®  x3) pe binary patterns ( represented by column vectors ) to be

stored in the network and x™ (=1 ) be the ith component of X We assume that N and M

are sufficiently large and that X is randomly chosen out of the 2V possible patterns. Then,

these patterns are almost orthogonal to each other, i.e.,

L o
— Y 5" =0 (m=n). ¢.1

In the Hopfield neural network associative memory, the X (m =1,..., M) is stored

in the network using the weight matrix W = [Wv] given by

M

Wy=>x"x™ i,j=123,.,N, (5.2)
m=1 '

W, =0. (5.3)

-
=
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The neural network dynamics for the recalling of the stored patterns is give by

x(t+1) = sgn{i Ifi’,fjxj(t)), : (5.4
=1

where sgn(u)=1 when u > 0 and -1 when u < 0 is a threshold operation function. The network

changes its state at discrete times ¢ = 0,1,2,... according to
X1 = sgn(WX,), (5.5)

where the function sgn operates componentwise on vectors.

Input
81 82 83 ereens .
Wi
HL" i}”! [}yv*,

Feedback
o

X1 v yxs

Output

Fig. 5.1 The basic operation of the Hopfield model neural network
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When the memory is addressed with a bipolar valued pattern that is not one of the
stored patterns, the weight matrix multiplication and thresholding operation yield an output
bipolar valued pattern which, in general, is an approximation of the stored pattern that is at the
shortest Hamming distance from the input pattern. If this output pattern is fed back and used
as the input to the memory, the new output is generally a more accurate version of the stored

pattern and continued iteration converges to the correct pattern. During this process, the

energy of the network

E-= ——l-iin.x‘ (5.6)
5. gty :

decreases with time so that the network state finally settles in an equilibrium corresponding to

a minimum of the energy. Since E can be rewritten as

(5.7)

it is considered that £ has a minimum at X . Consequently, when an initial state sufficiently
close to a stored pattern is given, the network state X is expected to reach an equilibrium

which is identical or very close to the stored pattern.
5.1.2 Memory Capacity
The capacity estimationl>*] of the Hopfield associative memory was based on the assumption

that M of the randomly chosen N bipolar vectors are used for the storage. When the network is

probed by one of the possible N vectors that are less than a Hamming distance N/2 away from
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the fundamental memory, the maximum asymptotic value of M can be no more than
N /(4log N) as N approaches infinity. This is called the absolute capacity, i.e., it is the
maximum number of randomly generated patterns which are memorized as the equilibrium of
the network with the correlation-type connection weights. On the other hand, Hopfield showed
by a computer simulation that the memory capacity of the associative memory is approximately
M =0.15N, where N is the number of neurons. Namely, the Hopfield model associative
memory can recall randomly generated patterns up to 0.15N with a small error. This is called
the relative capacity.

These investigation reveal that the storage capacity of the Hopfield model is quite
limited. Its absolute capaéity of N/(4logN) is smaller than N in order and its relative
capacity of 0.15N is also not large. When the ratio of the number of stored patterns to that of
neurons ( i.e. memory ratio ) r = M/ N is greater than about 0.15, the network state will
converge to an equilibrium state which is very different from the stored patterns, i.e., a

spurious memory is recalled, no matter how large the initial overlap may be.

5.1.3 Discussion

The limitation of the capacity of the Hopfield model is partially caused by the existence of
spurious states. The spurious states arise in several forms. The most common spurious states
are those stable states that are not originally stored. In terms of phase-space terminology, these
are false attractors trapped in the local minima in the energy landscape. Further, Montgomery
et. al. pointed out the existence of oscillating states that also affect the storage capacity.[*-1%
To increase the storage capacity of the neural network associative memory, we must
reduce or eliminate the spurious states. There are a number of modifications of the prototype.
For example, the sparsely encoded associative memory,[5-11] the chaos associative memory(5-12]
and so on. For ’the purpose of reducing the trap with states in local energy minima of the phase

space, i.e., the spurious states, statistical mechanical models such as simulated annealing!®!*]
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have been proposed to permit uphill jumps in the phase space so that the state of the network
can be pumped out of the local minima and eventually reaches the global minimum. Recently,
Morita has shown that the performance of the conventional associative memory model is
improved remarkably by a partial reverse method in recalling process.[3-14] One remarkable fact
is that the absolute capacity is about 0.4N,0-1] which is much greater than the absolute
capacity N /(4log N) of the conventional Hopfield model and is larger than even the relative
capacity 0.15N. The other point is the disappearance of the spurious memory. But it still
remain some problems such as venerable mathematical analysis. On the other hand, a new type
of attractor called a terminal attractor ( TA ),1>16) which represents singular solutions of a
neural dynamic system, was introduced for the elimination of the spurious states in the
associative memory. These terminal attractors are characterized by having finite relaxation
times, no spurious states, and infinite stability. The applications of terminal attractors for
content-addressable and associative memories, pattern recognition, self-organization, and for
dynamical training have been illustrated. An application of the TA model for pattern

recognition in a neural network is described in the following section.

3.2 DYNAMICS OF TA MODEL
5.2.1 Basic TA Model

The idea of the TA is based on a violation of the Lipschitz condition* at a fixed point. As a
result, the fixed point becomes a singular solution which envelopes the family of regular
solutions, while each regular solution approaches such an attractor in finite time, no spurious

state, and infinite stability.

% For a dynamics system x = f,(x,,%,,...,%,), i =1,2,..,n the Lipschitz condition is defined by |af, / ax,| <
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x* k>1

k<1

by, Iy, 13—

(b)

Fig. 5.2 Convergence to (a) regular attractor and (b) terminal attractor.
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Let us consider a dynamics system, which is given by the following differential

equation

; (5.8

where k is a positive parameter. This equation has an equilibrium point at x = 0. Then, let us

consider the Lipschitz condition in the neighborhood of the equilibrium point x = 0 as

¢ 0 k>1
fim % = e lim 1+ = { g (5.9)

x—0 x=0 —00 O0<k<l

Namely, if £ > 1, the dynamics system of Eq. (5.8) satisfy Lipschitz condition and has a regular

attractor. In contrast, if £k <1 (k£ =1/3,1/5,...,1/(2n +1) ), then, the Lipschitz condition is

violated and the system has a terminal attractor.

The relaxation time #; is plotted versus the initial values of x = x; and is shown in Fig.
5.2 for both the regular and the terminal attractors. It is clear that the relaxation time
approaches infinity for the regular attractors, meaning that x never intersects the solution x = 0.
In contrast, for the terminal attractors, x(f =0) =x, decays to x =0 at =1, x(¢=0) =x,

decays to x =0 at 7 = 1,, and so on, all in finite times. Consequently, these attractors become

terminal. It represents a singular solution which is intersected by all the attracted transients.
5.2.2 TA Model for Associative Memory

First, let us consider a discrete time type of neural networks consisting of N neurons with

outputs bipolar values. At time 7, the output of the ith neuron is x,(f). Then, we assume that a

set of N linearly independent vectors {x,.(”’)} (m=1,2,...,M) is stored as terminal attractors in

the neural network. The neural dynamics of the TA model for associative memory are given by
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v, (1 S
%0 ) - RO

1 (5.10)

- S 5 (0] -x"}3 x exp{—B“"’{f[x,-(t)] - x,f'"’}’},
m=1

where N and M are the total numbers of neurons and stored patterns in the network, o™ and

B are positive control constants, and W, is a connection weight from the jth neuron to the ith

one. The exponential multipliers are introduced into Eq. (5.10) in order to localize the effects

of the terminal attractors and to provide a Gaussian distribution peaked at f [xf(t)] =x",
When f[x,(7)] moves away from x™, the exponential function decays to zero. This term
maximizes the influence of the terminal attractor for f[x,(#)] that approaches x™. f[-] is a

output threshold function
/% ()] = tanh[x, (1)]. Iy

That is, the network changes its state at discrete times # = 0,1,2,... according to Egs. (5.10)

and (5.11). Here, the threshold function tanh operates componentwise on vectors.
5.2.3 Linearly Stability of TA Model

Before the stability of the equilibrium point x™ of Eq. (5.10) is discussed, the stability of
equilibrium points of a dynamics system should be reviewed briefly. Let us consider a dynamics

system with equilibrium points x*

% = fi(x,..,x,) (I=12,.,n). (5.12)

We have the theorem of the stability of a dynamics system, i.e., if the real parts of the

eigenvalues of the Jacobi matrix which the linearized version of the dynamical system (5.12) in
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the neighborhoods of the corresponding equilibrium point

(% oy . e
s G L6

J(x*)y=]| : . 2o, (5.13)
afn * afn *
— x oo o fO
axl( ) ax, (x ))
are all negative, that is,
Rek, <0, (5.19)

then these point are asymptotically stable.[>!7] Such points are called static attractors, since
each solution that gets close enough to x* approaches the corresponding constant value as a

limit as # — oo, i.e,, it enters a basin of attraction that the size is an index of the recollection

ability of the neural network dynamics system.

Based upon the above theorem, let us linearize the Eq. (5.10) in the neighborhoods of

the equilibrium point x™, and with respect to point f [x,(t )] which are sufficiently close to the

equilibrium points x| so that

% (0)]-x"|=e—o0. (5.15)

Fro a simple description, we will assume M = N in Eq. (5.10). It is reasonable because of the
stability of the dynamics is not affected. Then, the linearized version of the Eq. (5.10) in the

neighborhoods of the corresponding equilibrium point is written by

N
i%‘t" = 3 () 0] - x4}, (5.16)

1

~.
i
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where J(x™) is the Jacobi matrix of Eq. (5.10) in the equilibrium points x™. It can be
obtained by a first order approximation of a Taylor-series expansion. The stability of the
equilibrium points x™ depends on the eigenvalues A, of the matrix J(x™). Here, all the

eigenvalues of the matrix J(x™) are negative and unbounded at the equilibrium points x{™

3

which means that all these equilibrium points satisfy the condition Eq. (5.14) and they are
terminal attractors of infinity stability. For proof, see Appendix C.

Thus, by incorporating with terminal attractors in a neural network consisting of N
neurons, one can store N desired vectors as stable equilibrium points with no spurious static
attractors. Hence, Eqs.(5.10) and (5.11) can be used as an associative memory for pattern

recognition.
5.3 COMPUTER SIMULATIONS OF TA MODEL
5.3.1 Simulation Method

In order to demonstrate the effectiveness of the TA model associative memory for pattern
recognition, we use the computer simulations. The assumptions will be required for the TA
dynamics system of Eq. (5.10) before the simulations. These assumptions are related to the
selection of the values of X, (¢), W,, '™, and B™. At first, it is assumed that the neural
network which was given by dynamics system of Eq. (5.10) is a discrete in time, then,
x, (1) = 0, namely, it reaches a steady state from a initial state. Next, we discuss the connection
weight W;. The simplest assumption is that /¥, may be determined by the Hebb's law in the
same way as the Hopfield model ( see Eqs. (5.2) and (5.3) ). When this term was used in the
Hopfield model, spurious states were found. There are several possible ways to make the
interconnection weight W, in the TA model. The choice of another interconnection weight may
cause unequal comparison between the two models. For the sake of the comparison of the

effects of the reduction for spurious states in the TA model on the same basis and to see
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whether the TA term can improve the storage and retrieval capabilities of the neural network
system, the same connection weight is used for the both networks. Finally, we discuss the
parameters o and B™. The parameter a(™ is the measure of the correction by the TA model.
If this value is too small, then the effect of the correction for the Hopfield model becomes
small and the solution by the recalling may be trapped by spurious states originally involved in
the Hopfield dynamics. For a large value of o™, the correction by the second term of the right
hand side of Eq. (5.10) becomes large and the memory stored in the Hopfield may not be
recovered. Then we choose this value as unity for all m from the empirical basis of the
simulations. As already mentioned, the purpose of B in the terminal attractor is to provide a
Gaussian distribution peaked at f(x,) = x™. In practice, the values of B™ controls the
influence that a stored pattern has on its neighbor ( in terms of Hamming distance ). A small
B ( for instance, B < 0.5 ) causes stronger cross talk among stored patterns, and the
spurious states caused by cross talks are generated near the boundary of a basin of a stored
pattern. Whereas, a large B reduces the cross talks. In other words, the value of ™ decides
the behavior of neighbors of a terminal attractor. However, the optimal value of B is not
theoretically obtained. According to the experience, the good results are obtained when B is
about 1~3. For simplicity, we select B = o™ =1 in our simulations and the later optical

experiment. With these selections of parameter values, Eq. (5.10) may be written as

N M 1 2
50 = S/ [, 0] ST 0] 57 F xexp{ -{ T 0] - 57T | (5.17)
j=1

m=1

The computer simulations have been performed by using a 6x6 neuron network based on the
Egs. (5.17) and (5.11). The network is trained to recognize the patterns "A", "O", "E", as
shown in Fig. 5.3. These patterns are stored as terminal attractors in the network. Their
Hamming distances from each pattern are tabulated in Table 5.1. The mean Hamming distance

among the three patterns is 14.67.
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Fig. 5.3 Stored patterns in the computer simulations.

Table 5.1 Hamming distances among stored patterns.

PATTERN e L@ NE)
xD o 16 13
x@ 16 0 15
x® 13 15 0

5.3.2 Results and Discussion

The computer simulation results of the recognition ability for the Hopfield and the TA

(B =0.2 and 1 ) neural network associative memories are shown in Figs. 5.4, 5.5, and 5.6,

respectively. The Hamming distances of six initial imperfect inputs from stored pattern "A"
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(b)

[ 1]

(d)

Input ) Output Input i Output

Fig. 5.4 Computer simulations for the recalling property of the Hopfield model.

(d)

Input © Output Input ® Output

Fig. 5.5 Computer simulations for the recalling property of the TA model ( B™ =0.2).
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Input © Output Input ® Output

Fig. 5.6 Computer simulations for the recalling property of the TA model ( p"™ =1).

are 1, 3, 4, 5, 6, and 7, respectively, and those for the other stored patterns are equal to 11 or
more. From Figs. 5.4, 5.5 and 5.6, we can see the following facts:

1. The neural networks both in the TA and Hopfield models are correctly converged to pattern
"A" without trapping in local minima when starting from the imperfect patterns for a smaller
Hamming distance ( see Figs. 5.4, 5.5 and 5.6 (a)-(d) ). This means that the pattern recognition
ability of the two model is almost the same for this case.

2. When the Hamming distance between the initial input and the stored pattern becomes large
(' see Figs. 5.4, 5.5 and 5.6 (e)-(f) ), the Hopfield model converges to the error patterns, i.e.,
the local minima. In the TA model, when B = 0.2(<0.5), the spurious states caused by cross
talks are generated. The associations are also failed. On the contrary, when B =1 for the TA
model, the spurious state does not exist and the system always converges to a global minimum
which corresponded to the right stored pattern. Namely, the TA neural network associative

memory can reduce spurious states in the Hopfield model and improve its recollection ability.
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INPUT (H=6)

INPUT (H=3)
|

[ 1]

t=44

INPUT (H=6) t=5 t=35

Fig. 5.7 Examples of the recognition process in (a) the Hopfield model, (b) the TA model
( B =0.2 ), and (c) the TA model ( *” =1 ). Hamming distances of the inputs from the

pattern "A" are H=3 and H=6. t is the iteration time.

109



Figure 5.7 shows some instant states in the evolutions of the neural networks. The
networks correctly converged to "A" starting from an imperfect version up to a Hamming
distance of 3 in the both models. Besides the convergence is better in the Hopfield model. But,
when starting from a Hamming distance of 6, the neural network state of the Hopfield model
converges to an equilibrium state which is very different from the stored patterns, ie., a
spurious memory is recalled as shown in Fig. 5.7 (a). The recognition is also unsuccessful in

the TA model of B = 0.2 as shown in Fig. 5.7 (b), while the TA model with B =1 in Fig.

5.7 (c) succeeds the correct recalling.

100

) WO NV SRS SOUROS SOUON NOUONS SOV NOUOOR et N
UHOpﬁeld Model : : g / :

Iteration Time

0 1 2 3 4 5 6 7 8 9 10
Hamming Distance

Fig. 5.8 Dependence of the iteration time for the correct recalling on the Hamming distance.
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In the neural network for pattern recognition, the speed of correct recalling and the
recognition rate are the measures which show the ability of the network system. Therefore, the
recognition speed and recognition rate for the used Hopfield and TA ( B =1 ) neural
networks are considered.

At first, we discuss the speed of the correct recalling. To express the dependence of
the iteration time for the correct recalling on the Hamming distance clearly, the iteration time
versus the Hamming distance is plotted in Fig. 5.8. Figure 5.8 shows how the iteration time
changes with the Hamming distance for the recalling process. We can see that the Hopfield
'model has faster speed of the convergence up to the Hamming distance of 4 because of the
~ simplicity of its structure. But, for the Hamming distance equal to 5 or more, the correct
pattern can not be recalled any more in the Hopfield model. On the contrary, a stable
association characteristic is shown for a larger Hamming distance in the TA model, though the
iteration time increases.

Next, we discuss the recognition rate. Figure 5.9 shows the plot of the recognition
rate against the Hamming distance from the memory pattern. The ordinate of the graph is the

recognition rate and the abscissa is the Hamming distance, where recognition rate is defined by

total number of patterns of successful recollection

recognition rate = x 100%.

total number of input patterns

The recognition rate may depend on what kinds of patterns are stored as memory patterns and
also on a set of input test patterns. Although the absolute value of the recognition rate plotted
here does not have absolute meaning, the trend of the recalling for the system can be evaluated
by such a plot.

In this computer simulation, the total number of test patterns is 15 corresponding to
each Hamming distance. From the results that shown in Fig. 5.9, the TA model maintains the
recognition rate of more than 70% up to the Hamming distance of 7. It is possible to say that

the TA model has a good pattern recognition ability.
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Fig. 5.9 Recognition rate against the Hamming distance from the memory pattern. Total

number of test patterns for each Hamming distance is 15.

5.4 OPTICAL IMPLEMENTATION OF TA MODEL

Optical technologies offer parallel processing and two-dimensional interconnections. Therefore,
optical neural network have received considerable attentions for their applications to
information storage and processing.!>18-21] The principal challenge of optics has always been

overcome by the lack of devices to implement the reprogrammable operations required in
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information processing. Recent advances in SLMs offer new alternatives for optical neural
architectures. In this section, we present an optical implementation of the TA model

associative memory for pattern recognition.
5.4.1 Experimental Method

Optical implementation of dynamics system described by Eq. (5.17) is very difficult because it
contains a 1/3 power function. For the feasibility of the optical implementation, we make
. further approximations to Eq. (5.17), since most of optical devices used as a SLM are binary
nature. If we assume that the unipolar binary number (1,0) is used for the neuron-state vectors,
the factor of 1/3 in the power function of Eq. (5.17) may be dropped and, instead of the square
operation in the exponential function, the absolute value function can be used without changing
the value of the equation. By using this assumption, Eqs. (5.17) and (5.11) are rewritten as
follows:

%, (1) = EI/I{jf[x (1)]- E{f % (1)] - <>}xexp{ 7[5 0] -2, (5.18)

flx,m]=1x 0], : (5.19)

where 1[u] =1 when u > 0 and -1 when u < 0.

| ‘ The optical neural network architecture for pattern recognition based on the TA
model described by Eqs. (5.18) and (5.19) is shown in Fig. 5.10. It consists of two subsystems.
One is the optical system for the Hopfield model and the other is the optical system which
realizes the TA model. In the Hopfield model subsystem, two liquid-crystal televisions LCTV1

and LCTV2 which consist of 220x320 pixels, each size of 80pm x 90um, are used as the

SLMs to represent the state vector f(x,) (#=0,1,2,...,N ) and the connection matrix 7
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(7,J=12,...,N ), respectively. Here, N is the number of neurons in the network. The results

of the Hopfield model outputs are detected by the CCD camera 1.

LCTV 5

Laser 2

Thresholding 2

L
U@_IJ_U—L

I EA subsystem I vV

Hopfield subsystem

4 Y i) W,
| 2 f\ ' [\ f\
L B U
} Laser 1 3 CCD Camera 1 :
‘ LCTV 1Pl - LCT Screen 1 i

| -

Fig. 5.10 Experimental setup for the TA model optical associative memory. P1-P6: polarizers.
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The TA subsystem has two challenging problems. The first is the optical
implementation of the subtraction. The second is the realization of the exponential weight.
From an optics point of view, the exponential operation and the subtraction shown in the Eq.
(5.18) are not easy to implement. In the optoelectronics approach, these two operations can
best be handled by electronics. But the operation is much faster if it can be done optically in
parallel and real-time.

Here, for the implementatioh of the subtraction f(x)-x™, we used a real-time
image subtraction system by using polarization modulation of LCTV.1522] The LCTV-SLM
not only has the intensity modulation property, but also has the attractive features of
polarization and phase modulations of light. The principle of the image subtraction that is
based on polarization modulation is as follows. It is assumed that only the direction of the
linear polarization through the LCTV is changed by applying the voltage to the LCTV and that
the state of the linear polarization remains approximately unchanged, so that the real-time
image subtraction is accomplished by the approximate rotations of the linear polarization of
successive light transmissions through LCTV3 and 4, where the twist direction of the liquid
crystal molecules of the LCTV3 is reversed to that of the LCTV4. The intensity difference of
two images that corresponds to the polarization angle difference is detected. The sign of the
subtraction is obtained by the polarization direction of light. In the experiment, the polarization
modulation angles that corresponds to vthe binary input signals 0 and 1 are 0° and 45°,
respectively. The results of four possible output subtractions are tabulated in Table 5.2. Using
two polarizers P4 and P5 that have the polarization directions +45°, we obtain the results *1
for the output polarizations of +45° and +1/+/2 of the unwanted signals for the output
polarization of 0°. They are detected by the CCD camera 2 and 3. After thresholding, we
obtain only the correct results that correspond to 1 signals.

The exponential operation can simply let the digital computer handle the job.
However, the optical method was used in this experiment. It is realized by the optical

subsystem that has the light transmission property equal to the value of exponential function,
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Table 5.2 Subtraction results in the experiment

Output
Subtraction Result | Polarization
1 - 1 0
X X
45° 45°.45°=(°
Y Y
(0°)
LCTV 3 LCTV 4
0 - 0 0
X X
0° 0°-0°=()°
Y Y
(0°)
LCTV 3 LCTV 4
1 - 0 1 /
X X
45° 45°-0°=45°
_+_ (o]
., . (+45°)
LCTV 3 LCTV 4
o - 1 -1 \
X X
0° 43° B 0eq50=45°
v v (-45°)
LCTV 3 ‘ LCTV 4
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i.e., a fader control is used. Finally, the summation with respect to M is calculated and casted
in the Screen 2, and is detected by the CCD camera 4 as the output of the TA model subsystem.

The signals of the TA model subsystem which is the output from the CCD camera 4
and the Hopfield model subsystém which is the output from the CCD camera 1 are sent to a
computer to the subtraction of the two terms with an analogue quantity. After thresholding, we
obtain the next state x,(f +1). The update state vector x;(f +1) is the input as a new state to
LCTV-SLMs for the dynamical system. The above process is iterated until the state vector
converges to a stable state without trapping in local minima. The converged stable state is
displayed on a TV monitor. The subtraction of the analogue quantity here was calculated by
the digital computer due to the accuracy problems of the optical subtraction, but it can be

calculated optically, such as for example by the same principle of the polarization modulation

by LCTV-SLMs used in the TA subsystem.
5.4.2 Results and Discussion

In the experiments, we used a network with N=4x4 neurons. The network was trained to
recognize the patterns "A", "O", ."H". Figure 5.11 shows examples of the experimental results
of the recovery from imperfect inputs by the optical setup in Fig. 5.10. Three stored patterns
are shown in Fig. 5.11 (a). The mean Hamming distance from other patterns is 8. Figure 5.11
(b) shows four initial imperfect patterns. The Hamming distances of the inputs from the stored
pattern "A" are 1, 2, 3, and 4 from top to bottom, respectively, and those with the other stored
patterns are equal to 5 or more. The Hamming distances of the input patterns from the memory
patterns are tabulated in Table 5.3. The results for the pattern recognition in the Hopfield and
TA models are shown in Figs. 5.11 (c) and (d), respectively. These results indicate that the
recognition is unsuccessful due to the trap in a local minimum in the Hopfield model neural
network when the Hamming distance between the initial input and the stored pattern is 3 or

more. On the contrary, the TA model network correctly converges to "A", thus the association
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is successful for all input data.

(2) () (© (d)

Fig. 5.11 Experiment results. (a) Stored patterns, (b) inputs, (c) outputs of the Hopfield model,
and (d) outputs of the TA model.
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Table 5.3 Hamming distance of inpﬁt patterns from the memory patterns.

INPUT MEMORY PATTERN
PATTERN x® x@ ¥®
X 1 5 7
X, 2 6 10
X, 3 7 11
X, 4 6 12
70 :
OHopfield Model : :
60 bomeoe P f ...... o b, e
: : : I‘?
® TA Model
50 foeeee: R B R
£ : : S B
A0 fedebeg
.8 ' : N B
5] . . : .
b N . . s
£ 30 frooecdodn bl
. . :I '
7113 SENSRNS UN SN SN
: Y 4 :
: VA E
10 f------ RS SRR RREEEES prne
; | : :

Hamming Distance

Fig. 5.12 Dependence of the iteration time for the correct recalling on the Hamming distance.
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From the experiment results, we plot a graph to express the dependence of the
iteration time for the correct recalling on the Hamming distance. Figure 5.12 indicates that the
stable association state is realized up to the Hamming distance of 4 in the used TA model
network system. One the other hand, the Hopfield model network has faster recollection speed
when the Hamming distance is 2 or less. But, when the Hamming distance is greater than 2, the

recalling ability of the Hopfield model deteriorates suddenly. These results are same with the

computer simulation.

100
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Fig. 5.13 Recognition rate against the Hamming distance from the memory pattern. Total

number of test patterns for each Hamming distance is 4.
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The results of the recognition rate for the optical system in Fig. 5.10 are shown in Fig.
5.13. In the experiment, the total number of test patterns for each Hamming distance is 4. The
TA model has the pattern recognition rate of more than 75% up to Hamming distance of 4.
The achievement and correct pattern recognition in the TA model neural network is

demonstrated by the optical experiment.

3.5 INVESTIGATION OF CAPACITY FOR TA MODEL

As already mentioned in Section 5.1.3, the storage capacity of the Hopfield model is quite
limited because of the number of spurious states and oscillations. The investigation reveals that
its absolute memory capacity of N/ (4log N) is much smaller than N in order and its estimated
relative memory capacity of 0.15N is not large. On the other hand, the TA model neural
network is expected to have no spurious states, infinite stability, and the improvement of the
memory capacity. However, the memory capacity of the TA model can not be given because it
is influenced by the various conditions, so that both the mathematical analysis and the
experimental demonstration are difficult. We will give a rather intuitive explanation by a
numerical simulation instead.

The numerical simulation have been performed by using a 100 neuron network model.
The Hamming distance between inputs and the stored pattern is greater than 5. The memory

rate is defined by

-~
]

SE

(5.20)

Figure 5.14 shows the relation between the memory rate and the consistency of the recalling by
the numerical simulation. These results indicate that, by the TA model associative memory, the
conventional Hopfield model is greatly improved by the introduction of the terminal attractor

in the memory capacity.
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Fig. 5.14 The relation between the memory rate and the consistency of the recalling.

5.6 SUMMARY

In this chapter, we have applied the TA model neural network for pattern brecognition and
compared it with the conventional Hopfield model. The computer simulations for the pattern
recognition ability have been performed by using a 6x6 neuron network model. Patterns "A",

"0", and "E" were embedded in the network as the recognition target patterns and we have
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shown the usefulness of the TA neural network. Furthermore, for discussing the feasibility of
the optical implementation of the TA model associative memory, we have used a network with
4x4 neuron and 3 stored patterns "A", "O", and "H". The TA model optical neural network for
pattern recognition was carried out by using LCTV-SLMs and CCD cameras. We have
successfully realized the exponential and subtraction computations for the TA model dynamics
by the optical method. From the experimental results, it is possible to construct all-optic TA
neural network by using currently available optical devices and a large scale neural network
can be realized. The experimental results indicate that the TA model can reduce spurious states
in the Hopfield model neural network without trapping in local minima. We have also shown
that, by TA model dynamics, the Hopfield model is greatly improved in terms of recollection
ability and memory capacity.

We have used LCTV-SLMs in the optical experiments which are operated by TV
frame rate, so that the state-update time of this neural network is primarily limited by the speed
of the TV frame rate. The main drawback of LCTV-SLM is its limited dynamic range and
contrast ratio. As another optical device, FLC-SLMs present some characteristics that make
them attractive for the optical implementation of neural networks!>23l: high response speed
and bistability, intrinsic memory capability, and more important than that, the real-time
updating of connections, as stated here, open the possibility of simulating the behavior of
biological networks in a practical way. The FLC-SLM is a very attractive and promising device
for optical neural network, therefore, further functional optical neural networks may be
implemented by the combination of electronically addressed LCTV-SLMs and optical
addressed FLC-SLMs.
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"Is SLM useful for a real-time optical information processing?"

"It is a very attractive and promising device for real time

optical information processing and computing.”

CHAPTER 6

CONCLUSION



In the present thesis, we have discussed the real-time optical information processing and
computing by using liquid crystal spatial light modulators ( LC-SLMs ), involving the real-time
optical speckle metrology, real-time optical image processing, and optical neural networks for
pattern recognition.

In Chapter 2, we have described the operation characteristics of LCTV- and FLC-
SLMs. The advantages of these liquid crystal SLMs are their fast response time, high
sensitivity, low-power operation, high spatial resolution, and so on. Moreover, LCTV has been
recently used in the field of optical information processing because of the low cost of the
device and the ease of the commercial availability. On the other hand, FLC-SLM has the
excellent features of multiple exposure capability of images, much larger data throughput, and
the great potential for further real-time optical processing. These excellent operation
capabilities of LCTV- and FLC-SLMs have been demonstrated by our experiments for optical
information processing and computing.

The method of the JTC is frequently used as a powerful tool for such as an object
identification or a displacement measurement for speckle applications. In Chapter 3, the joint
transform correlation for real-time optical spéckle metrology have been investigated. A method
for the generation of a joint pattern to calculate a real-time joint transform correlation function
for speckle applications has been proposed in Section 3.2. To give a spatial shift to the pattern,
the combination of a 90° TN-LC cell and a birefringent calcite plate has been used based on the
polarization switching by the TN-LC cell and the optical path separation between the o- and e-
rays through the birefringent plate. The successive two speckle patterns before and after the
displacement have been detected. Then, the joint transform correlation function has been
calculated. A good linear relation between the peak position of the correlation function and the
object displacement has been obtained, which enables the application of this method to
displacemen‘g and velocity measurements in speckle techniques. |

In Section 3.3, we have successfully realized a real-time high-speed joint transform

correlator for speckle applications by using FLC devices which can bperate faster than a cycle
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of several ms. A FLC polarization switch and a birefringent plate have been used to make a
spatial shift of a speckle pattern. The joint pattern before and after the displacement of speckle
patterns has been written onto a FLC-SLM which is operating synchronized with the FLC
polarization switch. The joint pattern has been optically processed and the joint transform
correlation pattern has been finally obtained. An object speed as fast as 100 mm/s can be
measured by the current proposed system at its modest operation. We have used a CCD
camera and a LCTV-SLM, so that the sampling rate of data for the displacement or the
velocity measurement was slow in the present system. But, if an another FLC-SLM is available,
a faster sampling rate of the data can be achieved by synchronizing the second FLC-SLM with
the FLC polarization switch and the first FLC-SLM. FLC device has the capability of a time
response as faster as about 100ps or more. Therefore, the device will be a promising one for
real-time optical processing.

Optical images processing based on speckle phenomena have been used for extracting
the difference between two images, image coding and decoding, image multiplexing, and so on.
In Chapter 4, based on speckle modulation technique, real-time optical image subtraction and
edge enhancement by using FLC devices have been conducted and the real-time high-speed
image subtraction and edge enhancement have been successfully realized. The spatial shifts for
a speckle pattern have been easily given through optical components consisted of the
combination of FLC polarization switches and birefringent plates. Multiple-exposure images
through a focused or defocused imaging system have been written onto the FLC-SLM. The
subtracted and edge enhanced images have been successfully obtained from these multiple-
exposure patterns by the Fourier filtering. The whole operation of the system was controlled by
the microcomputer, and the operation speed is faster than 10 ms. As the used FLC-SLM has a
high resolution more than 100 /p/mm and can store fine speckle patterns, the image qualities
for the obtained results are quite satisfactory.

Neural network computation should prove useful in fields such as image analysis,

artificial vision, pattern recognition, and automatic target recognition. Different technologies
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have been used to implement such neural networks. Among these, software and electronic
implementation have been much used. However, optical technology seems to provide inherent
capabilities for neural network applications that require the processing of a large amount of
data. This is especially true for image-related processing, in which optical technologies offer
parallel processing and two-dimensional interconnections. Specifically, the recent advances in
SLMs offer new alternatives for optical neural architectures. Many optical implementations of
various neural network architectures have been proposed. However, there are two main flaws
in the conventional associative memory model. The first one is that its capacity is not large.
The second one is the existence of a large number of spurious memories.

Based on the concept of terminal attractor ( TA ), we have been presented a TA
model optical neural network associative memory for reducing the spurious states and
compared it with the conventional Hopfield model in Chapter 5. The computer simulations for
pattern recognition have been performed by using a 6x6 neuron network model. Three patterns
"A", "O", and "E" are embedded in the network as recognition target patterns. Furthermore,
for discussing the feasibility of the optical implementation of the TA model associative memory,
we used a network with 4x4 neuron and 3 stéred patterns "A", "O", and "H". The TA model
optical neural network for pattern recognition has been implemented by using LCTV-SLMs
and CCD cameras. We have successfully realized the exponential and subtraction computations
in the TA model dynamics by optical method. It has been proved from the experiment that all
optical neural network based on the TA model can be realized by using currently available
electrical and optical addressed SLMs. The experiment results has also indicated that the TA
model can reduce spurious states in the Hopfield neural network and the recalling capability
can be much improved. However, there still remain some important problems such as
mathematical analysis and experimental demonstration of memory capacity and biological
relevance in the TA model. We should further study the dynamics of the neural networks.

Now we can give some answers for the question that "Are SLMs useful for real-time

optical information procession?" at the beginning of this thesis: "SLMs are very attractive and
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promising device and they have much larger data throughput and the great potential for further
real-time optical information processing and computing."
In the finale of the thesis, I like to say: "Optics is an old and venerable subject and it

also is a novel and captivating subject..."
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Appendix A

FLC-SLM CHARACTERISTICS# !

Table A.1 FLC-SLM characteristics

Characteristic Parameter
Active area 20 mm x 20 mm
Resolution!) 72 Ip/mm
Sensitivity?) 100 pW/cm?
Visibility : 0.86
Response time for writing in the positive mode 1,=42 us
Response time for writing in the positive mode 5=43 us
Reflectivity , 99%
Readout wavelength 633 nm
Memory Binary
Image polarity Bipolar

(1) Grating first-order diffraction efficiency has fallen to half the maximum value.

(2) The write wavelength is 633 nm.
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Appendix B

EFFECT OF A FOCUSING ERROR ON THE OTF®

Gaussian Defocusing
wW(x, y) image  image
J- >/ 5 plane plane

Aperture
plane

d

Fig. B.1 The wavefront aberrations of a defocusing system. A = ed”.

From elementary geometrical optics, the condition of focus of a optical imaging system is

determined by the lens law ( or Gaussian law )

-0, (B.1)

1 1
+—..._._
d, f

] -

where d, and d, are image and object distances of the imaging system, respectively, and fis the

focal length.
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As shown in Fig. A.1, when the image plane is out of focus, the more general relation

| —

1

+‘31;—7=8, (BZ)

NN

will hold. The aberration function W (x, y) is given by

W(x,y) - —§—<x2 +). B23)

For a square aperture of width [ = 2Ad, f; ( f, is the coherent cutoff frequency ), the
maximum phase error at the edge of the aperture ( along the x or y axis ) is €k/* /8. Thus the
maximum path-length error, which we represent by w, is given by

el

W= =20, (B.4)

The number w is a convenient indication of the severity of the focusing error. If the aberration

function W (x, y) given by Eq. (A.3) is substituted in the OTF of an aberration system, then

H(u,v) = ;Z—H _1P(x +Mu,y + My)P(x,y)
(B.5)

xexp{jz—w’fw—f—);[mw)z + (M) - ( +y2>]}dxdy,
iJ 0

where P(-) is a pupil function. Equation (A.5) may be expressed in the symmetrical form

1 ¢p® Mu M M, My
H(uy) =[] P+ =8 y+ Zp(x -0y - 220

(B.6)

x exp{j (Mk,;, > [(x P 2 Mg M2y y})ﬁ]}dxd’y.
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The area of overlap of two displaced pupil functions is a rectangle of (I~ \d,|u|)(I - Ad,|v]).

Consequently,

LT = —2 2| war
H(u,v) = ] _mn(l —M,.\ui) n[l - MfIVI)exp{Jzn[( deifoz)x +(szifoz )J’}}dxdy

(1 M [u]) (1 - )\d‘v[)smc[(l M|u})()3df ﬂsmc[(l—xd,.lv|)():2—;"—f‘%—ﬂ,

(B.7)

where II(-) and sinc(-) are rectangle and sinc functions, respectively. The sinc function is an

even function, and so the Eq. (A.7) may be written in the form

H(u,v) = A(=L) - A(—) - smc[gw( “ )(1-—'%}

2 £, 2 f, A 21 21 B.8)
8w, v M
xsmc{ y (zfo)(l-—zfo)].

Here, A(") is a triangle function.
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Appendix C

PROOF OF LINEARLY STABILITY FOR TA DYNAMICAL
SYSTEMIC1]

At first, let us linearize the system described in Eq. (5.10) with respect to points f [x,. ()]

which are sufficiently close to the equilibrium points x™, so that

[f[x@)]-x"|=e—0. (C.1)

The linearized versions of the system in Eq. (5.10) in the neighborhoods of the corresponding

equilibrium point is given by

. .
dx; (1) - ZJU(x}rn)){f[xj(t)] _ x}m)}’ (C.Z)

where the Jacobi matrix J,.j(xﬁ.’")) is accomplished by a first-order approximation of a Taylor-

series expansion of systems in Egs. (5.10) and (5.11):

W,
Jlx) e — = j C3
Jy(xm) = -1+ S/— o.("’)(—l- g2~ 2[3("')84/3) -exp(~B™e?). (C.4)
! cosh’® x, (¢) 3 ;

Now the stability of the equilibrium points x™ depends on the eigenvalues A,, of the matrices
Jij(xj.”’)), respectively.[C2] In order to find these eigenvalues, let us multiply the matrices

J'I:f(xyn)) by 52/3(8 — 0)
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() = €22, (7). (C.5)
Then, as follows from Egs. (B.3) and (B.4), at € — 0, respectively,

J(xm) = jy =, (C.6)

Ji(xm) - —-;—a('"), C.7)
that is, the matrix J,,(x{"™) is a diagonal at & — 0, and its eigenvalues are

No=——a™ m=12,.,N(=M). (C.8)
Hence, at e = 0

Ay = €21, = ——:1;—(1('")8‘2/3 — -0, , (C9

Thus, all the eigenvalues of the matrices J,.j(xg-'”)) are negative and unbounded at the

equilibrium points x| which means that all these desired equilibrium points are stable.
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