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Pure Optical Parallel Array Logic System
—— An Optical Parallel Computing Architecture ——

Tsuyoshi KONISHIt, Nonmember, Jun TANIDA an:d Yoshiki ICHIOKAT, Members

SUMMARY We propose an optical computing architecture
called pure optical parallel array logic system (P-OPALS) as an
instance of sophisticated optical computing system. On the
P-OPALS, high density images can be processed in parallel using
the optical system with high resolving power. We point out
problems on the way to develop the P-OPALS and propose
logical foundation of the P-OPALS called single-input optical
array logic (S-OAL) as a solution of those problems. Based on
the proposed architecture, an experimental system of the P-
OPALS is constructed by using three optical techniques: bire-
fringent encoding, selectable discrete correlator, and birefringent
decoding. To show processing capability of the P-OPALS, some
basic parallel operations are demonstrated. The results obtained
indicate that image consisting of 300X 100 pixels can be proc-
essed in parallel on the experimental P-OPALS. Finally, we
estimate potential capability of the P-OPALS.

key words: optical computing, optical interconnection, parallel
processing, spatial light modulator, birefringence

1. Introduction

Light has excellent features as a medium of informa-
tion. Parallelism, high velocity of propagation, and
broad bandwidth in the information transmission and
processing are important features of light and are
expected to be utilized in a parallel information para-
digm in future. Making good use of these features of
light, a lot of methods and techniques are proposed in
the field of optical interconnection and optical
computing [1]-[6]. The purpose of this paper is to
present an new architecture of an optical computing
system called P-OPALS as an instance of sophisticated
application of the above methods and techniques.

Optical parallel array logic system (OPALS) is an
optical digital computing system based on optical
array logic (OAL)[7]. OAL is a computing paradigm
to implement logical operations on 2-D image data in
parallel. The authors are engaged in investigation of
OAL and the OPALS. To clarify usefulness of the
OPALS, several experimental systems of OPALS’s
have been constructed [8]-[10]. Since they are mainly
based on hybrid techniques combining with optics and
electronics techniques, these systems are called hybrid
OPALS’s (H-OPALS).

Although the H-OPALS constructed by opto-
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electronic integration is considered as a reasonable one
for practical application, the system cannot fully uti-
lize the capability of the internal optical interconnec-
tion of the OPALS. To demonstrate capability of
optical computing system, the authors consider a pure
optical version of OPALS (P-OPALS) and construct
an experimental system of P-OPALS.

In Sect.2, we propose the architecture of P-OPALS
and point out problems on the way to develop the
P-OPALS. In Sect.3, we describe logical foundation of
the P-OPALS called single-input OAL (S-OAL). In
Sect.4, we show an experimental system of P~-OPALS
and in Sect.5, we describe operation of the experimen-
tal system and demonstrate experimental results of
basic processing. In Sect.6, we estimate potential
capability of the P-OPALS.

2. P-OPALS

The OPALS is an optical digital computing system for
2-D information processing. As shown in Fig. 1, the
OPALS consists of encoder, correlator, decoder, and
feedback-line. The P-OPALS is a pure optical version
of OPALS, in which a huge amount of image data are
processed with keeping their arrangement by optical
interconnection capability. Using the excellent fea-
tures of light, the P-OPALS is expected to provide
quite high processing capability. However, to exploit
inherent capabilities of optical interconnection, several
problems must be solved.

Usually, an optical system requires precise adjust-
ment and misalignment restricts practical processing
capability of the system. This is an essential problem
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Fig.1 OPALS.
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and troubles many optical engineers. Loss of optical
power is also another problem. Reflection and absorp-
tion by individual optical components reduce optical
power. Decrease of optical power causes slowdown of
signal detection and degradation of system perfor-
mance. In addition, to accomplish one-to-many fan
out, we must guarantee appropriate power for individ-
ual signal transmission lines.

These problems cause reduction of processing
capability of the P-OPALS, that is, reduction of pixel
number to be processed on it. Since the P-OPALS
consists of many optical components, the problems are
dominant in practical implementation. Therefore, the
authors consider a simple architecture of P-OPALS
capable of reducing the number of required optical
components by introducing the concept of S-OAL.

3. S-OAL

S-OAL is a simplified version of OAL. OAL is a
technique based on image encoding and 2-D discrete
correlation [7]. Arbitrary logical operation for neigh-
boring pixels can be executed in parallel with OAL.
Whereas OAL has two input images and produces one
output image, S-OAL treats one input image and
provides one output image. In case of processing two
images like OAL, the contents of the images is re-
arranged onto one image and processed by means of
neighborhood operations on the image. Both OAL
and S-OAL schemes have close relationship with array
logic. S-OAL can execute the same operations as OAL
at the cost of processing efficiency.

Figure 2 shows the processing procedure of S-
OAL. The encoding rule and the form of operation
kernel are slightly modified as compared with OAL.
Other processing procedures are same as those in the
OAL. Using S-OAL, we can reduce the number of
optical components in the system. In addition, the
coding in S-OAL does not affect data continuity along
the vertical direction. This feature promise to treat the
image with high density and increases data capacity
processed on the system.
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Fig. 2 Processing procedure of S-OAL.
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4. Experimental System of P-OPALS

To evaluate processing capability of the P-OPALS, an
experimental system of P-OPALS is constructed. In
the experimental system, three optical techniques are
utilized: birefringent encoding [11], selectable discrete
correlator [10], and birefringent decoding. On the
P-OPALS, high density images can be processed with
the optical system with high resolving power.
Birefringent encoding is a technique to encode the
input image in parallel. Figure 3 shows the principle
of the birefringent encoding for a pixel. Using polari-
zation modulation by a spatial light modulator
(SLM), either of two coding patterns in S-OAL is
obtained behind the birefringent crystal. The select-
able discrete correlator is based on a coherent 4-f
spatial-filtering system with multiple holographic
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Fig. 3 Principle of birefringent encoding.
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Fig.4 Optical setup of selectable discrete correlator.
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filters arranged in the array form. Impulse response of
individual holographic filter is identical to pattern of
operation kernel, which corresponds to switching
configuration of LED’s in shadow casting implementa-
tion of OAL. We can specify an operation by selecting
an appropriate filter on the filter array. Figure 4 shows
the optical setup. This correlator has capability to
execute discrete correlation with large operation ker-
nels. Birefringent decoding is a technique to decode
information after processing effectively. Figure 5
shows the principle of the birefringent decoding for a
pixel. This technique is considered as dilation of the
sampled pixels in OAL. The same optical component
as used in birefringent encoding can be used in bire-
fringent decoding. As a result, we can reduce the
number of optical components in the system.

Figure 6 shows the schematic diagram and the
overview of the experimental system of P-OPALS. To
execute procedures in S-OAL, we use an optically
addressed liquid crystal SLM (LAPS-SLM, Seiko
Instruments, Inc.)[12]. The available area of the
LAPS-SLM is 20 X 20 mm? and the maximum resolving
power of it is 200 points/mm. For the encoding and
decoding, a thin calcite plate with thickness of 1 mm is
used as the birefringent crystal. The effective area of
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Fig. 6 Experimental P-OPALS: (a) schematic diagram and
(b) overview.
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the calcite plate is 27 X 27 mm® And hence, the spatial
shift of the pixel provided by the calcite plate is about
0.1 mm. To control optical path in the system, mechan-
ical shutters are equipped in front of each SLM. A
personal computer (PC-980INS/T, NEC) and D/A
converter (98DA12(4)-H, Interface, Inc.) are used as a
system controller.

5. Operation of Experimental P-OPALS

The experimental P-OPALS executes logical opera-
tions according to the sequence shown in Fig. 7. First,
the input image is recorded onto the SLMI1 by the
He-Ne laser (path D). During this process, only S1 is
open. A continuous image can be used as the input.
Second, the image recorded is read out by discrete
beams corresponding to individual pixels (path 2@).
The image is encoded by Calcitel. During this process,
only S1 is open. Note that pixel data are continuously
arranged along the vertical direction in S-OAL. Thus
the input mask consisting of vertical strip patterns are
used to produce the readout light. The encoded image
is latched on the SLM2. Third, the encoded image is
read out by plane wave (path 3)). During this process,
S1 is closed and S2 and S3 are open. The readout
image from SLM2, which is amplified by bright read-
out light, is used as the input of the coherent discrete
correlator. The correlated image is recorded on the
SLM1 for iterative operation. This correlated image is
read out with discrete beams and re-encoded for the
next step of operation. During this process, only S1 is
open.

As shown in Fig. 3, in S-OAL, an pixel datum can
be coded by referring datum on the left half of the
corresponding pixel area. Since the processing result is
obtained as either dark or bright signal at the left half
of the corresponding pixel area, the result can be
directly used to modulate the readout light in the

Output
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Fig. 7 Operational sequence of experimental P-OPALS.



KONISHI et al: PURE OPTICAL PARALLEL ARRAY LOGIC SYSTEM

33

()

Fig. 8 Parallel logic operations executed on experimental P-OPALS:
(a) input image, (b) A, and (c) Not A operations.

coding process of the next iteration. This means that
decoding process can be omitted during iterative
processing. To obtain the final output, the analyzer
and the calcite plate are used for decoding (path @).
Note that all procedures are executed in parallel for
individual pixels.

To verify basic operations on the experimental
P-OPALS, we executed A (direct through of the input)
and NOT A (inversion of the input)operations for a
picture. Figure 8 (a) is an input image and Figs. 8(b)
and (c) are the results of A and NOT A operations,
respectively. Each processing image has the extension
of 20X 20 mm?, which contains 2000 X 100 pixels. As
seen from Fig. 8, high density image is successfully
processed by the developed system.

6. Discussion

To evaluate information capacity of the experimental
P-OPALS, the test chart was set at the input plane,
transferred through the SLMI1 and the SLM2, and
recorded on the SLMI1. Figure 9 shows the image of
the USAF test chart readout from the SLML. In this
case, the Calcitel was removed to measure performance
of the optical system. The result indicates that about
300x 300 pixels can be processed by the system.
However, since, in actual operation, a calcite plate
which provides horizontal image shift with the amount
of 0.1 mm is inserted behind the SLMI, the number of
the horizontal pixels is limited to 100 pixels. There-
fore, the number of pixels which can be processed on
the experimental P-OPALS is 300X 100.

In the ideal case estimated by diffraction theory,
resolving power of the 4-f imaging system used in the
experimental system of P-OPALS is 600 points/mm
and possible pixel number to be processed is 2500 X
2500. To utilize full of the information capacity of the
P-OPALS, we must use a material with weak birefrin-

Fig. 9 Image of USAF test chart readout from the SLMI in the
optical system of experimental system of P-OPALS.

gence and develop a sophisticated technique to reduce
misalignment.

7. Conclusions

We have presented an optical computing architecture
called P-OPALS as an instance of sophisticated optical
computing system. Based on the proposed architecture,
an experimental system of the P-OPALS has been
constructed and some basic parallel operations have
been demonstrated. The results obtained indicate that
the image consisting of 300X 100 pixels can be proce-
ssed in parallel on the experimental P-OPALS.
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