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Abstract. Despite more than 40 years of development, it remains difficult for optical logic computing to support
more than four operands because the high parallelism of light has not been fully exploited in current methods
that are restrained by inefficient optical nonlinearity and redundant input modulation. In this paper, we propose
a large-scale optical programmable logic array (PLA) based on parallel spectrum modulation. By fully
exploiting the wavelength resource, an eight-input PLA is experimentally demonstrated with 256 wavelength
channels. And it is extended to nine-input PLA through the combination of wavelength’s and spatial
dimensions. Based on PLA, many advanced logic functions like 8-256 decoder, 4-bit comparator, adder
and multiplier, and state machines are first realized in optics. We implement the two-dimensional optical
cellular automaton (CA) for what we believe is the first time and run Conway’s Game of Life to simulate
the complex evolutionary processes (pulsar explosion, glider gun, and breeder). Other CA models, such
as the replicator-like evolution and the nonisotropic evolution to generate the Sierpinski triangle are also
demonstrated. Our work significantly alleviates the challenge of scalability in optical logic devices and
provides a universal optical computing platform for two-dimensional CA.
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However, most optical logic schemes can only support no more
than four input operands because the nonlinear requirement
in optical logic severely impedes the optimal utilization of
optical parallelism. The limited bit width confines optical logic
applications to some basic logic functions, such as the two-
input logic gates,'"'> 2-4 decoder,"*™" one- or two-bit adder,'*"®
comparator,'?' and multiplier.”> Many advanced logic func-

1 Introduction

Today, the demand for computing is rapidly increasing, but the
development of electronic computing faces major challenges of
power consumption and latency that cannot meet the require-
ments of high-density computing. Compared to electronic com-
puting, optical computing offers the potential advantages of

high speed, low power consumption, and high parallelism.'” . . . .
Since Boolean logic is the cornerstone of modern digital tions, such as large-scale state machines and two-dimensional

computing systems, many attempts have been made to imple- (2D) cellular automaton (CA), are still difficult to implement

t logi ti tically f than 40 410 on the optical platform.
ment fogic operations opticaly 1or hote than yeats Considering the binary states (live or dead) of cells in most

CAs can be represented by the logic levels (Logic 1 or 0), CA is
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a suitable model executed by logic devices, which can emulate
various complex dynamical behaviors by interacting with sur-
rounding cells.*** It has been widely applied in numerous fields
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such as the simulation of traffic flow,>* forest fires,”” and physi-
cal and chemical phenomena.”®* Especially, as one of the most
popular CA models, Conway’s Game of Life is designed to sim-
ulate the evolutionary process of cells and exhibits emergent
and self-organized behavior.”*> The Turing universality of
Conway’s Game of Life has also been demonstrated, and thus
it can simulate everything algorithmically computable with ap-
propriate initial states.”?° With the increase in the number of
iterations and involved cells, the evolution of complex models
necessitates large amounts of computing resources. To alleviate
this issue, the pioneering work attempts to construct photonic
CAs with discrete optical components.”® However, it can only
support one-dimensional CAs and requires the relevant elec-
tronic device to perform nonlinear computing. The more com-
plex models, including Conway’s Game of Life (one of the 2D
CAs), cannot be executed on it and the reliance on electronic
computing will reduce the benefits brought by light.

In virtue of its reconfigurability and universality, the optical
programmable logic array (PLA) has the potential to construct
the universal optical platform for the simulation of CA. Its
digital computing features also obviate the involvement of elec-
tronic nonlinear computing. However, the state-of-the-art opti-
cal PLA schemes are confined to a small scale regardless of the
all-optical (AO) or electronic-optical (EO) methods. The AO
methods utilize nonlinear effects like four-wave mixing in
highly nonlinear optical fibers”** or semiconductor optical
amplifiers® to perform logic AND operations between input sig-
nals and generate the logic minterms. The limited parallelism
and low efficiency of AO nonlinear effects restrain the scalabil-
ity of AO PLA. The AO PLA can only support three input op-
erands with a maximum of eight wavelengths.”” The EO
methods tend to generate logic minterms by controlling the
on/off states of serial microring resonators based on the EO non-
linear effect, which can be seen as optical logic AND operations
between the input electronic signals."' Despite avoiding optical
nonlinearity, the output Logic 1 has multiple levels and the num-
ber of required microring modulators is proportional to the
square of the number of input operands. Limited by the massive
redundant input modulators, the number of input operands and
the corresponding wavelengths demonstrated to date has not ex-
ceeded four.”** As a result, Conway’s Game of Life cannot be
executed in the current optical PLA. The limited input operands
hinder the further development and practical application of op-
tical PLA not only in optical CA but also in optical digital com-
puting.

In this paper, we experimentally demonstrate a large-scale
optical PLA by parallel spectrum modulation and utilize it as
a universal optical computing platform for 2D CA. An eight-in-
put PLA is implemented by cascading eight spectral modulators
(SMs) with specific square-wave transmission spectra. The gen-
erated 256 wavelength channels correspond to 256 logic min-
terms of eight input operands, which can be selected by wave
shapers (WSs) to perform the desired logic outputs. Various ad-
vanced logic functions, such as 8-256 decoder, 4-bit comparator,
adder, and multiplier are first realized by optical components.
And we combine the dimensions of wavelength and space to
achieve a nine-input PLA, which is characterized through date
state machines. The nine-input PLA is then used to realize the
optical 2D CA for the first time and run Conway’s Game of Life
to simulate the evolutionary process of cells, including pulsar,
glider gun, and breeder. Besides, other CA models such as
the replicator-like evolution and the nonisotropic evolution to
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generate the Sierpinski triangle are also demonstrated. Our work
paves the way for large-scale optical digital computing and
opens a new avenue for the general optical CA computing
platform.

2 Results
2.1 Principle of PLA

Generally, any logic function with N-input operands can be con-
structed by the combination of logic minterms, which is defined
as the AND operation of all N operands where any of the oper-
and may be represented by either the operand itself or its com-
plement (NOT). For example, the logic operation A XOR B is
composed of two minterms, AB and AB. In each case, only one
minterm is Logic 1. The mutually exclusive characteristic of
logic minterms ensures the combined logic results will not gen-
erate multiple levels. Therefore, a PLA can be implemented by
selecting the required minterms and summing them.

Figure 1(a) shows a three-input (signals A, B, C) PLA con-
sisting of three cascaded SMs. To realize an SM, a wavelength-
selective switch (WSS) is first used to partition the incoming
spectra into positive (+) and negative (—) channels. Then, a 2 x
1 optical switch (OS) is used to select the positive or negative
channel according to the input logic signal. This allows the SM
to produce two complementary square-wave spectra in the states
of Logic 0 and Logic 1, respectively. Since three input operands
correspond to eight logic minterms, the PLA requires eight dif-
ferent wavelengths from the light source. After SM, signal A is
loaded on light at wavelengths 4, — 15 and signal A is loaded on
light at wavelengths 1, — 4;. The period of the subsequent trans-
mission spectrum of the SM is halved compared to the previous
SM, ensuring that all possible combinations of input signals can
be mapped to different wavelengths. Thus, the output wave-
lengths of SM, include four logic minterms of signal A and sig-
nal B: AB (/10,/11), AE (12,/13), KB (14,/15), KE (}'69/17)' After
SM;, eight logic minterms of the three input operands (A, B, C)
are carried on the light at eight different wavelengths. After all
logic minterms are generated, the WSs are placed to configure
the wavelength channels and output the desired logic functions.
The modulation process can also be expressed by the correspon-
dence matrices between the states of input signals and wave-
lengths shown in Fig. 1(b). The initial input matrix [, is an
all-one matrix whose rank equals 1. Having been modulated
by three SMs, the output matrix S5 is a diagonal matrix com-
posed of eight linearly independent wavelength basis vectors.
Considering that the three-input logic will have eight output
states, the final logic results can be seen as an eight-dimensional
vector that can be linearly synthesized by the generated wave-
length basis vectors through the following WS.* As for N-input
PLA, the 2V logic minterms can be generated with 2V wave-
length channels, and only N modulators are required.

2.2 Demonstration of PLA Functions

Since the WSSs in the experiment allow for wavelength tuning
within ~40 nm around the C-band, we choose 256 wavelength
channels with 0.15 nm spacing to achieve an eight-input PLA
composed of eight cascaded SMs for minterm generation and
one WS for minterm combination. The details of the experimen-
tal setup are shown in the Supplementary Material 1. Figure 2(a)
shows the schematic diagram of the proposed PLA. The min-
term generation part consists of eight cascaded SMs, which
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Fig. 1 Operating principle of the proposed PLA based on parallel spectrum modulation. (a) Sketch
map of a three-input PLA. (b) The correspondence matrices between the states of input signals
and wavelengths. SM, spectral modulator; WSS, wavelength-selective switch; OS, optical switch;

WS, wave shaper.

requires 256 eight-input AND gates to generate the complete
logic minterms. Here, the method of parallel spectrum modula-
tion fully utilizes the abundant wavelength resources of light,
resulting in a significant reduction in the number of devices.
The generated minterms are in different wavelength channels,
represented by the blue lines in Fig. 2(a). All minterms are gen-
erated in one optical path, which also reduces the spatial com-
plexity. As for the configuration part, whether to use the
minterms depends on the selection of the corresponding wave-
length channels. By summing the selected minterms in the red
lines, the PLA will produce the targeted logic results.

We first demonstrate the ability of minterm generation
(i.e., 8-256 decoder) of the PLA. The measured confusion ma-
trix in Fig. 2(b) shows that each state of the eight input operands
corresponds to one wavelength channel (I, ...,Ig have 256
states ranging from O to 255 in the decimal form). It also shows
that each input wavelength channel is independent and
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represents one logic minterm. The extinction ratio (ER) between
each wavelength channel exceeds 17 dB. Figure 2(c) shows
the spectra of three different minterms with the minterm gener-
ation part. Owing to the background noise of the erbium-doped
fiber amplifier (EDFA) placed between the fourth SM and fifth
SM, some wavelength channels will produce noise spikes.
In the short wavelength region, the efficiency of the EDFA
is comparatively decreased and the background noise increases,
resulting in a relatively lower ER for these wavelength channels.
For some logic functions, PLA requires the selection of
multiple wavelength channels. The ER of logic levels will de-
crease to some degree when the noise spikes appear in these
selected channels. This can be enhanced by utilizing lower-
noise optical amplifiers. And it is possible to avoid the use
of EDFA by increasing the input optical power and using
lower-loss WSSs, which can further increase the ER of logic
levels.
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Fig. 2 Performance characterization of the PLA. (a) Schematic diagram for the proposed PLA.
(b) Measured confusion matrix between 256 input states and output power of 256 wavelength
channels. (c) Output spectra of PLA for three different minterms. (d) Schematic diagram of the
4-bit comparator and the corresponding power distributions of three output ports between input
signal A (AjA>A3A,;) and signal B (B;B,;BzB,). Input/output waveforms and output eye
diagrams of the comparator in the situations of (e) AAsAs < B:B3B4, (f) A2AsAs = B,B;3B,, and
(9) A2A:A, > B.B3B,.
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We then configure the PLA to implement a 4-bit comparator,
as shown in Fig. 2(d). The input signal A (A;A,A3A,) and sig-
nal B (B;B,B3B,) can both take a total of 16 integers ranging
from O to 15 in the decimal form. The power distributions of
three output ports in Fig. 2(d) demonstrate the judging logic re-
sults between signal A and signal B when traversing all bit
states. The logic level’s ER is higher than 7 dB, which depends
on the quantity and quality of the logic minterms contained in
the output channels. After validating the functions of the com-
parator in all input states, we try to test the comparator with a
high-speed data rate. Thus, high-speed optical switches are em-
ployed to load bit A; and bit B, at 10 Gbit/s and other bits of
signals A and B are set to fixed values. Figures 2(e)-2(g)
show the temporal waveforms of input and output signals
and the output eye diagrams of the comparator. The quality
of signals will degrade to some extent due to the inconsistent
modulation depth of modulators. The accurate execution of
the comparison at 10 Gbit/s verifies the high-speed computing
ability of the proposed PLA. Other advanced logic functions
like 4-bit adder and multiplier are demonstrated in the
Supplementary Material 2.

Limited by the resolution and operating wavelength range of
the WSSs in the experiment, only 256 wavelength channels are
utilized to realize eight-input PLA. We extend to nine-input
PLA by adding a 1 x 2 optical switch in the spatial dimension,
shown in Fig. 3(a). The 256 wavelength minterms are first gen-
erated by eight cascaded SMs, and then modulated by the 1 x 2
OS. As aresult, the upper port output of OS contains 256 wave-
length channels representing minterms with signal Iy, and the
lower port outputs 256 minterms with Iy, which includes all
the minterms generated by nine operands. Two WSs follow
the OS to select the required minterms. The selected wavelength
channels are mixed together by an optical coupler, thereby real-
izing nine-input logic functions. Based on nine-input PLA, we
demonstrate a state machine to deduce the date (month and day)

(a) Wavelength’s dimension
L L L LI I I I

256 wavelength minterms

according to the provided day of the year presented in Fig. 3(b).
The day of the year (1 to 365) can be expressed by a 9-bit binary
number that serves as the input operands of nine-input PLA. The
month (1 to 12) and the day of the month (1 to 31) can be con-
verted into a 4-bit binary number and a 5-bit binary number,
respectively. We can obtain the final inference results from
the outputs of PLA. As an example, we input the 324th day
of the year, and get the results of November (1011), 20
(10100), with the ER exceeding 10 dB. Similarly, a reverse state
machine can use the date (month and day) as input and output
the day of the year depicted in Fig. 3(c). (Truth tables for the
proposed state machines are shown in the Supplementary
Material 3.)

2.3 PLA for 2D CA

Based on nine-input PLA, we experimentally construct the gen-
eral optical CA computing platform and perform Conway’s
Game of Life, whose optical output can directly represent the
state of the cell (live or dead) in the next iteration. In the 2D
CA, the state of the center cell in the next iteration is determined
by the 3 x 3 cells shown in Fig. 4(a), and the corresponding
rules are listed as follows.

(1) If the center cell is surrounded by three live cells, it
becomes live in the next iteration, regardless of its current state.

(2) If there are two live cells around the center cell, it
remains in its current state in the next iteration.

(3) If the center cell is surrounded by less than two or more
than three live cells, it becomes dead in the next iteration,
regardless of its current state.

We assign the states of nine cells to the nine input operands
(I; — Iy) of PLA. If the cell is live, the corresponding input op-
erand takes Logic 1; otherwise, it takes Logic 0. By this means,
the evolutionary rules can be transformed into the logic opera-
tions executed by PLA, and the logic output is the state of the
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Fig. 3 Demonstration of nine-input PLA. (a) Nine-input PLA realized by combining the wave-
length’s and spatial dimensions. (b) Statement machine to infer the date (month and day) accord-
ing to the provided day of the year based on nine-input PLA. The input is 324th (101000100} of the
year, and the output is November (1011), 20 (10100). (c) A reverse statement machine to infer the
day of the year according to the provided date (month and day). The input is March (0011), 30
(11110), and the output is the 89th (001011001) day of the year. OC, optical coupler.
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Fig. 4 Operation of Conway’s Game of Life on general optical CA computing platform.
(a) Schematic for the evolution of Conway’s Game of Life executed by nine-input PLA. The evolu-
tionary rules of Conway’s Game of Life,* in which the two different colors represent the state of the
cell (blue represents the live state and white represents the dead state), are programmed into nine-
input PLA. The input of PLA is the states of the center cell and surrounding eight cells, and the
output is the center cell’s state of the next iteration. (b) Three basic models in Conway’s Game of
Life,*® including still life (from left to right: block, boat, beehive, and long snake), moving object
(glider and light spaceship), and oscillator (pulsar). (c) Complex models of glider gun and breeder

implemented by nine-input PLA.

center cell in the next iteration. By shifting the center cell’s po-
sition, all cells’ states will be updated, thus accomplishing one
iteration. (Truth tables for the proposed CAs are shown in the
Supplementary Material 4.) During the entire evolutionary pro-
cess, the logic function executed by PLA is fixed. The cells’
states are converted to the logic signal and fed into PLA to ac-
quire the next state of the center cell. Figure 4(b) shows three
basic models in Conway’s Game of Life. The still-life models
will consistently retain their shapes throughout the iteration pro-
cess, which can be seen as stable patterns. There are also moving
object models with different moving directions and speed, like
the glider that moves diagonally by one cell every four iterations
and the light spaceship that moves orthogonally by two cells
every four iterations. An oscillator is a pattern that returns to
its initial phase after two or more generations. Here, the pattern
of pulsar oscillates during three iterations, which looks like
the explosion procedure of the pulsar. (See the dynamic
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evolutionary process of the pulsar in Video 1). We run the com-
plex model of the breeder on the PLA, presented in Fig. 4(c). As
the evolution proceeds, the breeder will continually move to-
ward the right and leave glider guns along the way. The gener-
ated glider gun will produce gliders every 30 iterations, and the
gliders will move diagonally away. (See the dynamic evolution
processes of glider gun and breeder in Videos 2 and 3). The
above-mentioned models are just the tip of the iceberg in the
Game of Life. Our general optical 2D CA computing platform
can also realize more complex models like logic circuits” and
the Turing machine.*

Apart from Conway’s Game of Life, other kinds of 2D CA
are also implemented by the PLA. Figure 5(a) depicts the
replicator-like evolution, whose rule can be described as: if
the center cell is surrounded by one or three or five or seven
live cells, it becomes live in the next iteration, regardless of
its current state.
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Fig. 5 Other kinds of 2D CAs implemented by the PLA. (a) The replicator-like evolution, in which
the smile face copies itself in the iteration process. (b) The nonisotropic evolution, in which a sin-

gle-cell pattern can create the Sierpinski triangle.

The initial pattern is a smiling face composed of seven live
cells. It will replicate itself into eight copies after eight itera-
tions, and more copies will be generated with the progression
of iterations. Conway’s Game of Life and the replicator-like
evolution belong to the isotropic evolution, where the next state
of the center cell is equally determined by surrounding cells,
regardless of their positions. We demonstrate one of the noni-
sotropic evolutions, shown in Fig. 5(b). The rules are written as
follows.

(1) If the center cell is live, it remains live in the next
iteration.

(2) If the center cell is dead, only when the cell on its top-left
or top-right is live, can it become live in the next iteration.

Following the rules, a single-cell pattern will create the com-
plex pattern of the Sierpinski triangle, which is a classical
fractal.” (See the dynamic evolution processes of the replica-
tor-like evolution and the nonisotropic evolution in Videos 4
and 5.) This indicates the proposed optical CA computing plat-
form can simulate complex phenomena. More possible applica-
tions of 2D CA like the simulation of pedestrian dynamics,*
traffic flow,* the generation of random numbers,” and image
processing” can be further implemented by nine-input PLA.

3 Discussion

Constrained by the main clock frequency, common electronic
logic circuits operate at a maximum frequency of a few giga-
hertz. The proposed PLA can execute logic functions at
10 GHz and has the potential to achieve an operating frequency

0.163 pJ with the state-of-the-art technology.”>° (The detailed
estimation of power consumption is provided in the
Supplementary Material 5.) In addition, the power consumption
has a cubic correlation with the operating frequency in elec-
tronic circuits while it has a linear correlation in optical
circuits.'” The proposed PLA has the potential advantages in
both computing speed and power consumption compared with
its electronic counterparts.

It is highly challenging for the existing methods to realize
large-scale optical PLA, including AO and EO methods. For
AO PLAs, there is no available optical nonlinearity that allows
for the nine-input AND gate to generate logic minterms. Even
though the desired nonlinearity exists, the AO PLA still needs
512 nonlinear operations to obtain all the minterms. For EO
PLAs, the 81 modulators are required to construct nine-input
PLA, and the output waveforms will have multiple levels (an
electronic decision is necessary), which greatly impedes prac-
tical applications. Table 1 shows the comparison between the
proposed nine-input PLA and existing methods, including
AO and EO PLAs. The number of modulators is linearly related
to the number of input operands in the proposed PLA, making it
practical to support more inputs. The remarkable expansion of
generated minterms and functions highlights the tremendous
progress of optical PLA. Moreover, the number of PLA’s inputs

Table 1 Comparison between the proposed PLA and existing
methods.

of 100 GHz by utilizing thin-film lithium niobate modulators. nput _ Modulators for
N LS . SRR Method operands Minterms Functions N operands

To generate 2" logic minterms, the electronic logic circuits re-

quire N logic NOT gates and 2V N-input logic AND gates.”> As ~ AO PLA% 3 8 28 —

for the proposed PLA, only N active optical switches are re- EO PLA%43 4 16 216 N2 (multiple high

quired. The transmission of light in WSSs is considered as a levels)

passive process. Tl.leoretica!ly, the proposed method’s.power Proposed PLA 9 512 0512 N

consumption per bit of logic operations can be optimized to
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can be increased by increasing the number of wavelength chan-
nels, which can be achieved by broadening the wavelength
range or narrowing the wavelength channel interval. However,
narrowing the wavelength channel interval will decrease the op-
erating speed because a high-speed signal requires a large band-
width. Thus, there is a trade-off between the operating speed and
the number of operands. Here, we estimate the scale of the PLA
when the wavelength range is 1500-1635 nm and the wave-
length channel interval is 1 GHz. The total bandwidth can be
written as

Af =<~ 5 —16,502.3 GHz, (1)
PN

where 4, = 1500 nm and 4, = 1635 nm. The maximum num-
ber of wavelength channels (W) is ~16,502. The number of in-
put operands N is given as

N = [log, W] = 14. (2)

Apart from the wavelength’s dimension, the introduction of
spatial dimensions can further extend the PLA’s scale (see more
details in the Supplementary Material 6). Provided that the spa-
tial dimension allows for two additional operands, the proposed
PLA can support 16 input operands, which is significant for pro-
grammable logic devices. Moreover, other dimensions of light,
such as polarization and mode, can also be exploited to expand
the scale of PLA.

Currently, most CA models are simulated by the correspond-
ing software in traditional electronic computers. When changing
the evolutionary rules, it is necessary to recompile. The pro-
posed optical CA platform is directly based on the physical
structure, and the transition between different models can be
implemented by selecting wavelength channels of PLA, which
will reduce the complexity of CA’s simulation and configura-
tion. In contrast with the main clock frequency (~GHz) of elec-
tronic computers, the higher computing speed (~10 GHz) can
further accelerate the CA’s evolutionary process. It is inevitable
that electronic hardware is still needed for storing the computing
results of optical CA, restraining the simulation speed to some
extent. Compared with the state-of-the-art optical CA,*® our
scheme not only eliminates the requirement for electronic non-
linear computing, but also achieves a remarkable enhancement
in the scale of optical CA. The high ER of PLA allows the out-
put results to directly represent the states of cells. Owing to the
implementation of nine-input PLA, we can construct a 2D CA
computing platform, which supports 2312 2% possible modes.
[The prior optical one-dimensional CA supports 256 (2% pos-
sible modes.] The expansion in dimensions also enables the op-
tical CA to simulate more complex evolutionary models like
Conway’s Game of Life.

Functions supported by the proposed PLA are not limited to
those fields mentioned above. Potential applications like en-
cryption and decryption of signals based on XOR operations’
and optical parity checker™ can be implemented by PLA. It can
also be applied in the optical binary convolutional neural net-
work,” where the 3 x 3 binary convolution kernel can be real-
ized by nine-input PLA.

It is feasible to realize the integration of the proposed PLA.
The multi-wavelength source can be the on-chip optical fre-
quency comb, which can produce sufficient wavelength resour-
ces and has been widely used in optical computing systems.***
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As the key component in PLA, the SM can be fabricated on the
chip by using a ring-assisted Mach—Zehnder interferometer
(MZI)* to generate the periodic square transmission spectrum
and by using an MZI structure to implement the high-speed
wide bandwidth 1 x 2 optical switch.”’ To configure the targeted
logic functions, we can use the microring array or the Bragg
grating to select specific wavelengths. By this means, all in-
volved optical components of PLA can be integrated on the
chip.

In conclusion, we demonstrate a large-scale PLA and utilize
it for 2D CA. Various advanced logic functions, like 8-256
decoder, 4-bit comparator, adder and multiplier, and state ma-
chines are, experimentally demonstrated by configuring the pro-
posed PLA. The high-speed computing capability of 10 Gbit/s
has also been verified. Based on nine-input PLA, we construct a
general optical CA computing platform and realize the optical
2D CA for the first time. The models (pulsar, glider gun, and
breeder) in Conway’s Game of Life and other kinds of 2D
CA (replicator-like evolution and nonisotropic evolution) are
executed by the 2D CA. The proposed PLA greatly expands
the current scale of optical logic computing and provides a gen-
eral CA computing platform for the evolution of complex phe-
nomena.

4 Appendix A: Experimental Setup

The experimental setup is shown in Fig. SI in the
Supplementary Material. The broadband continuous light is first
generated by the broadband light source and then shaped by a
WS to generate 256 beams in wavelength channels with an in-
terval of 0.15 nm. The SM consists of a WSS and a 1 x 2 optical
switch. By cascading eight SMs, the 256 wavelength channels
can load different logic minterms. For the high-speed experi-
ment, the signals are generated by a bit pattern generator,
and the results are detected by a 50 GHz photodetector. Owing
to the power jitter in a single wavelength channel generated by a
broadband light source, the input light in the wavelength chan-
nels corresponding to the logic minterms of the targeted logic
functions is replaced by the outputs of the lasers.

5 Appendix B: Video Captions

Dynamic evolution processes of 2D CA

Video 1 (mp4; 8.1 kb [URL: https://doi.org/10.1117/1.AP.6.5
.056007.s1])

Video 2 (mp4; 46.35 kb [URL: https://doi.org/10.1117/1.AP.6.5
.056007.s2])

Video 3 (mp4; 5055.84 kb [URL: https://doi.org/10.1117/1.AP
.6.5.056007.s3])

Video 4 (mp4; 46.43 kb [URL: https://doi.org/10.1117/1.AP.6.5
.056007.s4])

Video 5 (mp4; 13.64 kb [URL: https://doi.org/10.1117/1.AP.6.5
.056007.s5])
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