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Preface

OSC, the International Workshop on Optical SuperComputing, is a new annual
forum for research presentations on all facets of optical computing for solving
hard computation tasks. Optical computing devices have the potential to be the
next computing infrastructure. Despite the frequency limitations and cross-talk
phenomena, as well as soft-errors of electronic devices the natural parallelism
of optical computing devices, along with the advance in fiber optics and op-
tical switches make optical computing commercial-able. The workshop focuses
on in research on the theory, design, specification, analysis, implementation, or
application of optical supercomputers. Topics of interest include, but are not
limited to: designs or demonstrations of optical computing devices and systems;
algorithmics and complexity issues of optical computing; computation repre-
sentation by photons and holograms; neural and brain inspired architectures;
electro-optic devices for interacting with optical computing devices; practical
implementations; analysis of existing devices and case studies; optical photonics
and laser switching technologies; optical and photonic memories; optical signal
processing subsystems; optical networks for high-performance computing; opti-
cal interconnections; quantum optical systems; applications and algorithms for
optical devices; alpha particles, X-rays and nano-technologies for optical com-
puting. The second OSC workshop was held during November 18-20, 2009, in
Bertinoro International Center for Informatics, Bici, Italy.

This volume contains 19 contributions selected by the Program Committee.
All submitted papers were read and evaluated by the Program Committee mem-
bers. We are grateful to the EasyChair system in assisting the reviewing process.

OSC 2009 was organized in cooperation with SPIE and OSA. The support
of Bertinoro International Center for Informatics, Ben-Gurion University and
Babeg-Bolyai University are also gratefully acknowledged.

September 2009 Shlomi Dolev
Mihai Oltean
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Invited Talk: What Can We Learn from an Image?

H. John Caulfield

Fisk University
1000 17th Ave., N.
Nashville, TN 37308
hjc@fisk.edu

Abstract. Depending on the task, there are huge differences in the difficulties
of parallel image processing. The recipe we apply to many images is as follows.
Use Aritifical Color to either recognize the target or recognize and remove the
background, we then use edge-preseving smoothing on the resulting image, use
our "nonlinear disrimination Fourier processing method "to identify and locate
the target in the scene, and finally, use the subset that found the target to pro-
vide a prototype that suggests the targets' pose and scale. In this paper, I will il-
lustrate each step.

S. Dolev and M. Oltean (Eds.): OSC 2009, LNCS 5882, p. 1, 2009.
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Nanophotonics for Information Systems

Yeshaiahu Fainman, Kazuhiro Ikeda, and D.T.H. Tan

Dept. of Electrical and Computer Engineering, University of California, San Diego

9500 Gilman Drive, La Jolla, California, 92093-0407
fainman@ece.ucsd.edu

Abstract. The field of photonics finds applications in information technology,
health care, lighting, and sensing. This paper explores the role of nanotechnology
with focus on nanophotonics in dielectric and inhomogeneous metamaterials for
optical communications, information and signal processing in data centers.

Keywords: Information optics, nanophotonics, metamaterials, optoelectronics.

1 Introduction

Optics has the potential to solve some of the most exciting problems in computing
hardware. It promises crosstalk-free interconnects with essentially unlimited band-
width, long-distance data transmission without skew and without power- and time-
consuming regeneration, miniaturization, parallelism, and efficient implementation of
important algorithms such as Fourier transforms. Numerous information processing
systems and concepts in space and time have been studied during the past decades.
Yet, optical computing and processing in space and time has so far failed to move out
of the lab. The free-space and guided-wave devices are costly, bulky, and fragile in
their alignment. They are also difficult to integrate with electronic systems, both in
terms of the fabrication process and in terms of delivery and retrieval of the massive
volumes of data the optical elements can process. Our most recent work emphasizes
the construction of optical subsystems directly on-chip, with the same lithographic
tools as the surrounding electronics. This has been made possible by the advances in
these tools, which can now create features significantly smaller than the optical wave-
length; experts predict lithographic resolution as fine as 16nm by year 2020. Arranged
in a regular pattern, subwavelength features act as a metamaterial whose optical prop-
erties are controlled by the density and geometry of the pattern and its constituents [1-
5]. Lenses, polarizers, chromatic dispersers, diffraction gratings, and other optical
processing devices can now be implemented on-chip using metamaterials wherever
natural materials with similar properties either do not exist, or (more frequently)
would not be compatible with lithographic fabrication.

2 Nanophotonics Process

To advance this technology, investigations of nanostructures and their interaction with
electromagnetic field are critical. Engineers also need appropriate modeling and

S. Dolev and M. Oltean (Eds.): OSC 2009, LNCS 5882, pp. 2@2009.
© Springer-Verlag Berlin Heidelberg 2009



Nanophotonics for Information Systems 3

design tools, new fabrication recipes, and test instruments capable of characterizing
on-chip components. The design of integrated photonic systems is a challenging task
as it not only involves the accurate solution of electromagnetic equations, but also the
need to incorporate the material and quantum physics equations to enable the investi-
gation and analysis of near field interactions. These studies need to be integrated with
device fabrication and characterization to verify device concepts and optimize device
designs. In this talk, we discuss some of the CMOS-compatible Silicon-on-insulator
metamaterials and devices recently demonstrated in our lab. These include graded-
index lenses, birefringent elements that utilize a combination of geometry and mate-
rial properties to separate light into orthogonal polarizations, frequency-selective
resonators and Bragg gratings, and metal-dielectric nanostructures that can achieve
extremely tight field confinement. Characterization tools, including our Heterodyne
Near Field Optical Microscope, will also be discussed. This microscope uses a fiber
probe tapered to 200nm diameter and brought close enough to the nanostructure under
test to pick up its evanescent electromagnetic fields. Subsequent heterodyne detection
permits simultaneous measurement of both amplitude and phase of the evanescent
fields, while also providing an amplification to boost the weak signal. The mapping of
evanescent fields has proven to be a powerful aid in understanding the performance of
nano-optical elements.

3 Example: Cladding-Modulated Resonant Quantum Wires

Bragg structures are fundamental in implementing various optical devices for switch-
ing, wavelength division multiplexing (WDM) and sensing applications. We have
previously demonstrated on-chip sidewall modulated Bragg grating (SMBGQG) realized
using single-step lithography [6]. The strength of the coupling coefficient in SMBG is
determined by the modulation amplitude

which in turn is limited by the resolution —Si (n=3.48)

of electron beams used to pattern these SIO, (n=1.46)
structures. Narrow bandwidth WDM
components require Bragg gratings which
have weak coupling coefficients and e, geem
which can be easily controlled. To ad- 500nm

dress these issues, we introduce a novel

Cladding_modulated Bragg grating Fig. 1. CMBG schematic. Waveguide ra-
(CMBG) implemented with silicon on  dius, R=100nm.

insulator (SOI) material platform. The

proposed CMBG is shown to overcomes the limitations inherent to SMBG in fabricat-
ing devices that require high resolution, wide dynamic range and high precision con-
trol of the coupling strength.

Our CMBG consists of a single mode waveguide at 1.55um with the Bragg effect
arising from placements of silicon cylinders with period, 45 a distance, d away from
the silicon waveguide (see Fig. 1). The cylinder radius, R is chosen to be 100nm to
avoid supporting any resonant modes. Since the field amplitude of the propagating
mode decays exponentially outside the waveguide boundaries, the extent of the eva-
nescent tails residing in the silicon cylinders and hence the strength of mode coupling
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Fig. 2. (a) SEM Micrographs of fabricated devices. Measured transmission spectra of (b) device
A (L=100pm, d=200nm) and (c) device B (L=70um, d=50nm).

can be varied by adjusting the distance d. We first calculate the CMBG coupling coef-
ficient, x of the CMBG as a function of d using coupled mode theory (CMT).

The device is fabricated using electron-beam lithography followed by reactive ion
etching and plasma enhanced chemical vapor deposition of the SiO, overcladding. The
spectral response of two fabricated devices (A & B) measured using an optical spec-
trum analyzer is shown in Fig. 2. Even though the length of the device B was L=70um,
the value of x.L >> 7 indicating that x is the dominant in contributing to 44. The
values of 41 measured for devices A and B are 8nm and 16nm respectively, close to
the expected values of 7nm and 13nm respectively from our 2D FDTD results.

4 Conclusion

It is evident that nanophotonics and metamaterials are important technologies for
future information processing systems. The research exploiting near field optical
phenomena will be key in achieving new functionalities in materials properties
(birefringence, dispersion, nonlinearities) as well as unique device functionalities such
as adaptation, generation, modulation, transport and detection of light.

Acknowledgments. This work was supported by the NSF, DARPA, and the NSF
CIAN ERC.
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All-Optical Clocked Flip-Flops Exploiting SOA-Based SR
Latches and Logic Gates

Jing Wang', Gianluca Meloni’®, Gianluca Berrettini®, Luca Poti?,
and Antonella Bogoni®

! Department of Electronic Engineering, Tsinghua University, Beijing, 100084, China
jwangl983@gmail.com
2 National Laboratory of Photonic Networks, CNIT, via Moruzzi 1, Pisa, 56124, Italy
* Scuola Superiore Sant’ Anna-CEIICP, via Moruzzi 1, Pisa, 56124, Italy

Abstract. All-optical flip-flops are key components of photonic digital process-
ing in next generation optical network and computing. In most digital applica-
tions, signal synchronization with a reference clock is a basic feature. In this
paper, an entire set of all-optical clocked flip-flops, including SR, D, T, and JK
types is proposed and demonstrated, each employing a single SR latch and opti-
cal logic gates previously introduced in literature. The bi-stable element is
based on gain quenching mechanism between SOAs of two coupled fiber ring
lasers. Three logic gates are carried out by exploiting four wave mixing (FWM)
and cross gain modulation (XGM) nonlinear effects in SOA. Different flip-flop
functionalities are obtained by adding one of the logic gates, or a combination
of them, to the latch scheme. Performance evaluation in terms of extinction ra-
tio demonstrates the effectiveness of proposed schemes. Speed limitation of
flip-flop operation is also investigated and photonic integration is identified as a
feasible solution to increase the operation speed beyond GHz.

Keywords: optical flip-flop, optical logic gate, optical signal processing, semi-
conductor optical amplifier (SOA).

1 Introduction

In order to meet the ever-increasing demand of data communication for future optical
networks, high-speed digital processing is required. Photonics signal elaboration at
the optical layer is attractive to perform various computational functionalities as
packet buffering, bit-length conversions, header processing, switching, retiming, re-
shaping, and time-division multi/demultiplexing. In recent years a lot of effort has
been spent in these fields and all-optical digital processing seems to be one of the
most promising technologies to bring increased capacity, flexibility, and scalability to
the next generation systems in the optical domain.

Due to their great potential in optical computation, several all-optical digital de-
vices have been proposed as building elements for more complex subsystems, includ-
ing optical threshold function [1], logic gates [2-5], optical buffer [6], flip-flops [1, 7]
and shift register [8]. In particular, optical flip-flop has attracted special interest since
it can work as a finite state machine in an optical computer. Moreover, it serves as a

S. Dolev and M. Oltean (Eds.): OSC 2009, LNCS 5882, pp. 5 2009.
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6 J. Wang et al.

key component in optical packet switching networks, in which the routing, the buffer-
ing, and the forwarding of optical packets are all carried out in the optical domain,
bringing together the wide fiber bandwidth and the high routers forwarding capacity
[1, 9]. By now, several schemes of all-optical flip-flops have been demonstrated,
including coupled fiber ring lasers [1], coupled laser diodes [10-11], nonlinear polari-
zation switches [12], and coupled Mach-Zehnder interferometers [7].

However, in these proposed scenarios, the optical flip-flops work in asynchronous
way since the outputs states are controlled by set/reset signals without any clock in-
put. These kinds of flip-flops are also referred as optical set-reset (SR) latches. In
optical computing, one of the most significant features is the signal synchronization,
in which all operations are triggered by clock signal. In addition, in several applica-
tions a clocked optical flip-flop can also take memory of the past input signals and
process them with current inputs. To the best of our knowledge, there are no works in
literature about clocked all-optical flip-flops.

In this paper, clocked all-optical SR, D, T, and JK type flip-flops, whose state
switching is triggered by a pulsed clock, are proposed and demonstrated. The core
component of all presented flip-flops is a bi-stable SR latch proposed in [1], which is
based on two coupled fiber ring lasers exploiting a semiconductor optical amplifier
(SOA) as active element. The use of three different logic gates (or a combination of
them) enables us to carry out SR, D, T, and JK type flip-flop functionalities. ANB,
ANB, and ANBNC logic functions between input clock and control signals are car-
ried out by exploiting four wave mixing (FWM) and cross gain modulation (XGM)
nonlinear effects in SOA. All flip-flop configurations are suitable for photonic inte-
gration and due to the broad bandwidth of SOA, the input signals can be tuned in the
whole C-band. The effectiveness of proposed schemes is demonstrated by perform-
ance evaluation in terms of extinction ratio. The limitation of the flip-flop switching
time is also investigated, identifying photonic integration as a feasible solution to
increase the flip-flop speed beyond GHz. This paper is organized as follows. In sec-
tion 2 the core elements of clocked flip-flops, including the SOA based SR latch and
optical AND logic gates will be introduced; in section 3 SR, D, T and JK types of
clocked flip-flops will be proposed and demonstrated, and we conclude with a discus-
sion about speed limitation of flip-flop operation.

2 SOA Based SR Latch and Optical AND Logic Gates

All flip-flop configurations described in the follow are based on an all-optical SR
latch [1] shown in Fig.1. It consists of two SOA-based ring lasers. The two fiber cavi-
ties, coupled together by an optical coupler, are operating at A; and A, respectively.
The SR latch has two output states defined by the lasing of only one ring. In “state 17,
only ring 1 is lasing whereas ring 2 is suppressed. The output light of SOA 1 is cou-
pled into ring 2, depleting the carriers of SOA 2 and suppressing the ring 2 lasing.
The ring 1 outputs a CW light at A; (Q = 1) and ring 2 outputs a low optical power of
ASE noise (Q = 0). Similarly, only ring 2 is lasing in “state 0”. In this case, the output

light of SOA 2, coupled into ring 1, depletes the carriers of SOA 1 and suppresses
ring 1. The ring 2 outputs a CW light at A, (Q = 1), and ring 1 outputs low power ASE

noise (Q =0).
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— Reset
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— Set

Fig. 1. All-optical SR latch. SOA: semiconductor optical amplifier; BPF: band pass filter; ISO:
isolator.
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Fig. 2. Optical spectra of two latch states (top) and the output power of two ring lasers with
set/reset powers (bottom)

Set and reset control signals are injected into the two fiber ring lasers in order to
change the latch state. The insertion of optical power with a wavelength different by
A1 and A, into the dominant ring, switches off its lasing. Subsequently, the lasing in the
other ring is switched on. In Fig.2, the output optical spectra of both the latch states are
reported. An extinction ratio for each state of 40 dB is measured. In addition, the
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output power of both ring lasers is plotted as a function of the set/reset optical power.
An on-off ratio more than 40 dB is evaluated for each state, in agreement with the
value measured by the optical spectra. By injecting set and reset pulses into the two
rings alternatively, SR latch dynamic state toggling operation is demonstrated. Ex-
perimental results using signals with 50 KHz repetition rate are shown in Fig.3. By
simply tuning the cavities optical filter it is possible to change the latch output wave-
lengths in whole SOA band (1530-1565-nm). Since the optical output of proposed flip-
flops are defined by the SR latch state and is almost independent by other parts of the
scheme, their performances can be evaluated by considering the extinction ratio meas-
urements reported in Fig. 2. In order to implement different types of clocked flip-flops,
three all-optical AND logic gates are included in the experimental setups.

0 5 Mm 15 20 25 30 35 40 45
time (us)

Fig. 3. State toggling operation at a repetition rate of 50 kHz

ANB, ANB, and ANBNC logic functions are carried out by exploiting FWM and
XGM nonlinear effects in SOA. The effectiveness of these optical logic gates was
previously demonstrated in [2], showing a power penalty lower than 0.5 dB. In pro-
posed schemes, the outputs of these logic gates are used as the control signals of SR
latches and do not affect the flip-flop output performance significantly. For each logic
gate, there is only one semiconductor device used, reducing cost and complexity of
the schemes. In our applications, A is used as an input clock pulse, whereas B and C
are external control signals.

The experimental setup of the ANB gate is shown in Fig. 4 (a). The logic function
is performed by filtering out the FWM signal (Apwv=2A5-A4) between A and B. When
a clock pulse A comes and the control signal B=1, a pulse at Agwy is generated. If
B=0, there is no FWM generation, and no pulse is present at the gate output. The truth
table of ANB gate is shown in Table 1. Variable optical attenuators (VOA) and po-
larization controllers (PC) are used to adjust the input optical power and the polariza-
tion state, in order to maximize the FWM efficiency in SOA. However, the polariza-
tion dependence of this ANB gate can also be eliminated by polarization diversity
technique. _

The experimental setup of ANB gate is shown in Fig. 4 (b). The logic function is
carried out between clock pulse A and inverted control signal B by exploiting XGM
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in SOA. When B=1 the carriers of SOA are depleted, so the input clock A can not be
amplified. On the contrary, if B=0, signal A passes through the gate with amplifica-
tion. In Table 1 the truth table of ANB gate is also reported.

Finally, the setup of ANBNC gate is shown in Fig. 4 (c). The logic function is car-
ried out between the clock A, control signal B and inverted control signal C. The
proposed gate can be considered as a combination of nonlinear effects described pre-
viously. In particular, ANB is carried out by exploiting FWM between A and B,
whereas XGM is exploited to include the AND function with the inverted C. If B=0
there is no FWM generated between A and B, and the gate output is 0. In case of B=1
and C=1, the FWM component generated between A and B is strongly suppressed by
the saturation effect of SOA, and the gate only outputs low power ASE noise. Only
when B=1 and C=0, FWM is filtered out at the gate output with amplification. The
truth table of ANBNC gate is also shown in Table 1.

FWM  2As Ay

()

Fig. 4. SOA-based optical logic gates; (a) ANB gate; (b) ANB gate; (c) ANB nc gate; SOA:
semiconductor optical amplifier; BPF: band pass filter; VOA: variable optical attenuator; PC:
polarization controller; EDFA: erbium doped fiber amplifier
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Table 1. Truth tables of ANB, ANB, ANBNC gates

ANB (FWM) ANB (XGM)
A B ouT Comment A B ouT Comment
0 0 0 no FWM 0 0 0 no input
0 1 0 no FWM 0 1 0 no input
1 0 0 no FWM 1 0 1 amplification
1 1 1 FWM 1 1 0 gain saturation
ANBNC (FWM+XGM)
A B C ouT Comment
0 0 0 0 no FWM
0 1 0 0 no FWM
1 0 0 0 no FWM
1 1 0 1 FWM + amplification
0 0 1 0 no FWM + gain saturation
0 1 1 0 no FWM + gain saturation
1 0 1 0 no FWM + gain saturation
1 1 1 0 FWM + gain saturation

3 Clocked SR, D, T, and JK Flip-Flops Based on SR Latch and
Logic Gates

In this section SR, D, T and JK types of all-optical clocked flip-flops are proposed
and demonstrated. Each scheme exploits the aforementioned SR latch and logic gates.

3.1 SR Flip-Flop

The clocked SR flip-flop setup is shown in Fig. 5 (a). It consists of two ANB gates
and one SR latch. “AND 1” gate performs AND function between the clock signal
(CLK) and set signal (S). “AND 2” gate performs AND function between the clock
and reset signal (R). The outputs of “AND 1” and “AND 2” are connected to the
“Set” and “Reset” ports of the latch, respectively.

The truth table of SR flip-flop is shown in Table 2. The flip-flop changes its state
only when a clock pulse comes, according to the S and R values at that time, but the
S and R values at any other time are ignored and the flip-flop will not change its
states accordingly. Therefore the flip-flop is clocked. In particular, if S=R=0 the
flip-flop maintains its previous state; if S=1 R=0, it is set to the “state 1”; If S=0
R=1, the flip-flop is set to “state 0”. The condition S=R=1 is forbidden for SR flip-
flop since the latch is unstable. In this case, it is statistically not known which ring
laser will lase.
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Fig. 5. Clocked SR flip-flop: (a) logic circuits; (b) working principle
Table 2. Truth table of SR flip-flop
CLK S R Quext Comment
N 0 0 Q hold previous state
| | 1 0 1 Set
N 0 1 0 Reset
N 1 1 N/A Forbidden
X X Q hold previous state

R
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Fig. 6. Clocked all-optical SR flip-flop operation
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In Fig.5 (b) the SR flip-flop working principle is reported. When a clock pulse
comes in, if S=R=0 there is no output coming from “AND 1” and “AND 2” gate. In
this condition, neither “Set” nor “Reset” receive a pulse, so the flip-flop maintains its
previous state (Quexe = Q). If S=1 R=0, only “AND 1 output is high. The “Set” port
receives a pulse so the flip-flop is set to “state 17 (Quex=1). Similarly, if S=0 R=1,
only “Reset” port receives a pulse and the flip-flop is set to “state 0” (Quex=0). If
S=R=1, both “AND 1” and “AND 2” outputs are high, getting into the forbidden
condition.

All-optical clocked SR flip-flop operation is experimentally demonstrated in Fig. 6.
The clock pulse has a repetition rate of 200 kHz with a pulse-width of 1 ps. S and R
have a pulse-width of 3 ps with a repetition rate of 50 kHz, opportunely synchronized
with the clock. The different repetition rates and pulse-widths of clock and control
signals are intentionally used to obtain all possible logical input combinations. Good
agreement between experimental results and Fig. 5 (b) can be observed.

3.2 D Flip-Flop

The setup of clocked D flip-flop is reported in Fig.7 (a). “AND 1” gate performs the
AND function between the clock and input signal D; whereas “AND 27, an ANB
gate, carries out AND function between the clock and inverted D.

The truth table of D flip-flop is shown in Table 3. The flip-flop synchronous opera-
tion is verified since it only responses to D values when a clock pulse comes, but
ignores D at any other time. If D=0, the flip-flop is set to “state 0”; otherwise set to
“state 17

The working principle of D flip-flop is shown in Fig.7 (b). If D=1 “AND 1” gate
and “AND 2” gate output high level and low level respectively.

So only the “Set” port receives a pulse and the flip-flop is set to “state 1”. On the
contrary, if D=0 the flip flop is set to “state 0”. Clocked D type flip-flop operation is
experimentally demonstrated in Fig. 8.

The clock pulse has a repetition rate of 60 kHz and pulse-width of 1 ps, while the
input signal D has a repetition rate of 100 kHz with pulse-width of 6 ps. In this case, a
good agreement can also be obtained between experimental results and Fig. 7 (b).

CLK
_CLKOD I——l
l l l l H 'll : DJ 1 I—
LK o0 z Reset
z ese AND 1
5 1 CLKND o
tateh  —o AND 2
> CLKND ‘Reset’
I uL z Set eset
o 2
D S0 _CLKND Qof 1in | 0 I 1
'I I' lI- —
(a) (b)

Fig. 7. Clocked D flip-flop; (a) logic circuits; (b) working principle
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Table 3. Truth table of D flip-flop

CLK D Quext Comment
M 0 0 Reset
N 1 1 Set
X Q hold previous state

60 kHz-100 kHz

o 05 i
0 20 40 &0 80 100
a ||_ r T s
5 G.Ei “
0O O — e =
0 80 100
cE |i_ Ty
¥ =05 H
32 ol |
0 80 100
0 20 40 50 80 100

time{us)

Fig. 8. Clocked D flip-flop operation

3.3 T Flip-Flop

The truth table of T flip-flop is shown in Table 4. The flip-flop also works in a syn-
chronous way, only responding to the T values when a clock pulse comes. In particu-
lar, if T=0 the flip-flop holds its previous state, whereas if T=1 the flip-flop toggles its
state. For this behavior it is referred as toggling (T) flip-flop. The experimental setup
is shown in Fig. 9 (a), consisting of three logic gates and one SR latch. Unlike previ-
ously described SR and D flip-flops, the next state of T flip-flop (Q,ex) iS not only
determined by external control signals, but also depends on the previous state due to
the toggling property. For this reason, a feedback of the output Q is used in Fig. 9 (a).
“AND 17 gate carried out AND function between the clock and T signal, whereas
“AND 2” performs AND function between the output of “AND 1” (CLKNT) and the
feedback Q. The other logic gate, “AND 3”, performs AND function between
CLKNT and inverted Q.

Table 4. Truth table of T flip-flop

CLK T Quext Comment
| | 0 Q hold previous state
| | 1 6 toggle
X Q hold previous state
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CLK
o cLKNT
LS Y | cLknTnQ Tl
T 5 50/50 z Reset
5] cLKNT AND 1
J UL o
Latch Oy5 AND 2
> 90/10 CLKNTNQ Reset
50/50 = Set
——Q - AND 3
I O ] = CLKNTNQ Set
— CLKNTNQ
1LBPF | < QOI1|O 0|1
(a) (b)

Fig. 9. Clocked T flip-flop; (a) logic circuits; (b) working principle

The working principle of T flip-flop is shown in Fig.9 (b). When a clock pulse
comes, if T=0 there is no FWM signal at the output of “AND 1”. In this condition
both “AND 2” and “AND 3” have at least one input at low level, and independently to
the Q value “AND 2” and “AND 3” has no output, so the latch holds its previous
state. On the other hand, if T=1 FWM signal between T and clock is filtered out at
“AND 1” output, and two different cases should be considered. If Q=1 “AND 2”
output is at high level and “AND 3” output is at low level. In this way the “Reset”
port receives a pulse and the flip-flop toggles its state to “state 0”. In the other case, if
Q=0 only the “Set” port receives a pulse from “AND 3” and the flip-flop toggles its
state to “state 1.

The clocked T flip-flop operation is demonstrated in Fig.10. The clock pulse has a
repetition rate of 60 kHz with a pulse-width of 1 pus, whereas the signal T has a repeti-
tion rate of 100 kHz and a pulse-width of 6 ps. Oscilloscope traces shown a good
agreement with Fig. 9 (b).

60 kHz-100 kHz

é OléFﬁﬁ{[ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ%ﬁ[’[ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬂéﬁﬁﬁﬁﬁﬁﬁfﬁﬁflf[ﬁﬁ;fﬁfﬁfﬁl'[ﬁﬁﬁf::ﬁﬁfﬁfﬂ;fq

T

na CLKNT

CLKNT CLKNT

time(us)

Fig. 10. Clocked T flip-flop operation
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3.4 JK Flip-Flop

The JK flip-flop truth table is shown in Table 5. This flip-flop can be considered as a
combination of the previously described SR flip-flop and T flip-flop. In cases of
J=K=0, J=1 K=0, and J=0 K=1, the JK flip-flop works as an SR flip-flop, where J and
K signals are used as “Set” and “Reset” signals. However, unlike the SR flip-flop, the
condition of J=K=1 is not forbidden and under this condition the flip-flop toggle its
state like a T flip-flop.

The setup of the JK flip-flop is reported in Fig. 11 (a). It consists of two logic gates
and one SR latch. The two complementary outputs of two fiber ring lasers in SR latch
are used as Q and Q respectively. “AND 1” gate performs AND function between the

clock, J, and inverted Q; whereas “AND 2” gate performs AND function between the
clock, K, and Q. The functions of CLKNJ and CLKNK are carried out in two AND
gates respectively, but the feedback of Q is also taken into account like a T flip-flop.

The working principle of the JK flip-flop is shown in Fig. 11 (b). In case of J=K=0
FWM signal is not generated neither in “AND 1” nor in “AND 2”, so both “Set” and
“Reset” ports receive no pulse. The flip-flop holds its previous state. If J=1 K=0
“AND 2” output is at low level, while “AND 1" output depends on the Q value at that
time. If Q=1 “AND 1” outputs low level and the flip-flop holds its state. On the other
hand, if Q=0 “AND 1” outputs high level and the flip-flop is set to “state 1”. There-
fore, the final state of the flip-flop is “state 1” in both cases.

Table 5. Truth table of JK flip-flop

CLK J K Quext Comment
N 0 0 Q hold previous state
. 1 0 1 set
I 0 1 0 reset
. 1 1 6 toggle

X X Q hold previous state

CLK

-
iR

AND 1
Set

AND 2
Reset

cLKNINQ

CLKNKNQ

QOI1001
1

ol

Fig. 11. Clocked JK flip-flop; (a) logic circuits; (b) working principle
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In the same way, if J=0 K=1 the final state of the flip-flop is “state 0”. Finally, for
J=K=1 it is also necessary to consider the two cases of Q value. If Q=1 only “AND 2”
gate generates FWM signal and the flip-flop is set to “state 0” (Qpex=0). On the con-
trary, if Q=0 the flip-flop is set to “state 1” (Quex=1). In both cases the flip-flop tog-
gles its state.

The JK flip-flop experimental results are shown in Fig.12. The clock pulse has a
repetition rate of 200 kHz and a pulse-width of 1 ps. In order to realize all the possible
input combinations according to Table 5, J and K have a particular stream, with a
repetition rate of 100 kHz and a pulse-width of 3 ps. Experimental results have a good
agreement with Fig. 11 (b).

200 kHz-100 kHz

g
°
=
c
g
c

CLKNK CLKNJ

Q
o

0 5 10 15 20 25 30 35 40 45
time(us)

Fig. 12. Clocked JK flip-flop operation

3.5 Speed Limitation of Clocked Flip-Flops

In the experimental implementation, the flip-flop operation speed of clocked SR, D,
T, and JK type flip-flops are all limited to hundreds of KHz. Since ANB, ANB, and
ANBNC logic gates are based on very fast nonlinear effects in SOAs, the flip-flop
operation speed is mainly limited by the state-switching time of the SR latch. Since
the SR latch is based on gain quenching effect between the two fiber ring lasers, the
state-switching time consists of two parts: the switching-off time (fall time) of for-
merly lasing ring and the switching-on time (rise time) of formerly suppressed ring.
As shown in Fig.13, it can be observed that the fall time is about 5 ns, equal to the
edge time of the injected pulses, whereas the building-up process of lasing in the
suppressed ring, takes place step by step, with each step corresponding to one round-
trip time of the ring cavity. Therefore, the rise time depends on the ring cavity length
and the number of roundtrips the light needs to circulate before reaching stable lasing
condition. Due to the discrete fiber pigtailed experimental implementation, each ring
laser of the SR latch has a cavity length of about 40 m, corresponding to a roundtrip
time of 0.2 pus. The building-up process takes 5-6 steps, so the rise time is ~1 ps.



All-Optical Clocked Flip-Flops Exploiting SOA-Based SR Latches and Logic Gates 17
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Fig. 13. Transition time of the SR latch

However, since all the proposed flip-flop setups are SOA-based, in [13] it is demon-
strated that photonic integration can reduce the cavity length to millimeters. This way
it is possible to reduce the rise time to less than 100 ps, thus making GHz flip-flop
operation possible.

4 Conclusion

An entire set of all-optical clocked flip-flops including SR, D, T, and JK types is
proposed. All schemes use an external clock for synchronous operations and are tun-
able in C-band. The core element, common for each configuration, is an already
known all-optical SR latch used as a bi-stable memory element. The latch is based on
two coupled ring lasers in which a SOA is employed as active element. Several logic
functionalities are obtained by exploiting three different optical gates (or a combina-
tion of them) based on FWM and XGM nonlinear effects in SOAs. Clocked SR, D, T,
and JK flip-flops are experimentally demonstrated. Flip-flops performances are di-
rectly related to the SR latch outputs and are almost independent by the rest of the
scheme. Extinction ratios higher than 40 dB confirm the effectiveness of all proposed
configurations. Flip-flops speed limitation is also investigated, pointing out in the
photonic integration a feasible solution to increase the operation rate beyond GHz.
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mission through EUROFOS, and by the Italian ministry through the POET project.
References

1. Dorren, HJ.S., Hill, M.T., Liu, Y., Calabretta, N., Srivatsa, A., Huijskens, F.M., de
Waardt, H., Khoe, G.D.: Optical packet switching and buffering by using all-optical signal
processing methods. Journal of Lightwave Technology 21, 2-12 (2003)



18

10.

11.

12.

13.

J. Wang et al.

Berrettini, G., Simi, A., Malacarne, A., BogoniL, A.: Poti: Ultrafast integrable and recon-
figurable XNOR, AND, NOR, and NOT photonic logic gate. IEEE, Photonics Technology
Letters 18, 917-919 (2006)

. Bogoni, A., Wu, X, FazalA, I.: Willner: All-optical 160Gb/s half-addition half-subtraction

and AND/OR function exploiting pump depletion and nonlinearities in a PPLN waveguide.
In: 34th European Conference on Optical Communication, 2008. ECOC 2008, pp. 1-2
(2008)

Lee, J.H., Nagashima, T., Hasegawa, T., Ohara, S., Sugimoto, N., Kikuchi, K.: 40 Gbit/s
XOR and AND gates using polarisation switching within 1 m-long bismuth oxide-based
nonlinear fibre. Electronics Letters 41, 1074-1075 (2005)

Adonis, B., PantelisS, V.: Dimitris: Numerical Investigation of a 160-Gb/s Reconfigurable
Photonic Logic Gate Based on Cross-Phase Modulation in Fibers. IEEE, Photonics Tech-
nology Letters 19, 402-404 (2007)

Changyong, T., Chongqing, W., ZhengyongG, L.: Ning: Dual-Wavelength Packets Buffer-
ing in Dual-Loop Optical Buffer. IEEE, Photonics Technology Letters 20, 578-580 (2008)
Hill, M.T., de WaardtH, H., Dorren, J.S.: Fast all optical flip-flop using coupled Mach-
Zehnder interferometers. In: Technical Digest. Summaries of papers presented at the Con-
ference on Lasers and Electro-Optics, 2001. CLEO 2001, vol. 188 (2001)

Zhang, S., Li, Z., Liu, Y., Geldenhuys, R., Ju, H., Lenstra, D., Khoe, G.D., Dorren, J.S.:
Optical shift register based on an optical flip-flop memory with a single active element. In:
31st European Conference on Optical Communication, 2005. ECOC 2005, vol. 232, pp.
233-234 (2005)

Liu, Y., Tangdiongga, E., Hill, M.T., van Zantvoort, J.H.C., Smalbrugge, E., de Vries, T.,
Binsma, H., Oei, Y.S., Leijtens, X.J.M., Smit, M.K., KhoeH, G.D., Dorren, J.S.: All-
optical switching of 80 Gb/s data packets using a wavelength converter controlled by a
monolithically integrated optical flip-flop. In: 31st European Conference on Optical Com-
munication, 2005. ECOC 2005, vol. 26, pp. 27-28 (2005)

Kawaguchi, H.: Bistable laser diodes and their applications: state of the art. IEEE Journal
of Selected Topics in Quantum Electronics 3, 1254-1270 (1997)

Hill, M.T., de Waardt, H., KhoeH, G.D., Dorren, J.S.: All-optical flip-flop based on cou-
pled laser diodes. IEEE Journal of Quantum Electronics 37, 405-413 (2001)

Liu, Y., Hill, M.T., de Waardt, H., Khoe, G.D., LenstraH, D., Dorren, J.S.: All-optical flip-
flop memory based on two coupled polarisation switches. Electronics Letters 38, 904-906
(2002)

Malacarne, A., Jing, W., Yuancheng, Z., Barman, A.D., Berrettini, G., PotiA, L.: Bogoni:
20 ps Transition Time All-Optical SOA-Based Flip-Flop Used for Photonic 10 Gb/s
Switching Operation Without Any Bit Loss. IEEE Journal of Selected Topics in Quantum
Electronics 14, 808-815 (2008)



All-Optical Logic Gates Based on Semiconductor Optical
Amplifiers and Tunable Filters

Xinliang Zhang, Jing Xu, Jianji Dong, and Dexiu Huang

Wuhan National Laboratory for Optoelectronics, Huazhong University of Science and
Technology, Wuhan, 430074, P.R. China
xlzhang@mail.hust.edu.cn

Abstract. All-optical logic gates based on semiconductor optical amplifiers
(SOAs) and tunable filters are investigated in this paper. Based on single SOA and
different filter detuning, five different logic gates at 40Gb/s were demonstrated
and all-optical digital 2-4 encoder was also realized. All-optical generation of
minterms for two input signals and three input signals are also demonstrated based
on comb filters and SOAs. Advantages such as powerful function, flexible opera-
tional principle and possible integrated could help these schemes to have potential
applications in optical computing and optical networks.

Keywords: all-optical logic gates; semiconductor optical amplifiers (SOAs);
delay interferometer; bandpass filter.

1 Introduction

All-optical signal processing has been receiving more and more attention in past
twenty years for their potential applications in high-speed optical networks and opti-
cal computing. Comparing with conventional O-E-O signal processing schemes, all-
optical schemes can increase the operational speed to Tb/s and reduce the system
power consumption greatly. Many different signal processing functions have been
widely investigated[1-3], such as all-optical wavelength conversion, all-optical 3R
regeneration, all-optical sampling, all-optical logic gates, all-optical buffer, etc. Com-
paratively, all-optical logic operation and all-optical buffer are two difficult problems
and far away from practical applications in commercial systems. It is very urgent to
find out some efficient and flexible ways to realize these two functions for next gen-
eration optical networks and optical computing.

Nonlinearities in optical fiber, periodically poled lithium niobate (PPLN)[4], Chal-
cogenide-based waveguide, silicon and polymer-based waveguides and semiconduc-
tor optical amplifiers (SOAs)[5-17] can all be exploited to realize all-optical logic
operation function, and each scheme has its own advantages and disadvantages. SOA-
based all-optical logic operation has demonstrated great potential in terms of low
power consumption, small footprint, and optical integration. Furthermore, in SOAs,
different nonlinearities[5-17] such as cross-gain modulation (XGM), cross-phase
modulation (XPM), four-wave mixing (FWM) and some intraband ultrafast nonlin-
earities such as carrier heating, two-photon absorption and spectral hole burning can

S. Dolev and M. Oltean (Eds.): OSC 2009, LNCS 5882, pp. 19 20009.
© Springer-Verlag Berlin Heidelberg 2009
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all be used to realize different logic functions. Therefore, SOA-based schemes de-
serve to be widely and deeply investigated.

In this paper, two schemes for all-optical logic operation based on SOAs and tun-
able filters are presented. Based on single SOA and different filter detuning, five
different logic gates at 40Gb/s were demonstrated, and based on this scheme, all-
optical 2-4 encoder and comparator were also realized. Secondly, based on delay
interferometer-based comb filter and SOA, all-optical generation of minterms was
investigated, and based on these minterms, arbitrary logic functions could be demon-
strated.

2 Configurable All-Optical Logic Gates Based on Single SOA and
Tunable Filter

In this section, we propose and experimentally demonstrate reconfigurable all-optical
logic gates based on various nonlinearities in single SOA. The operation principle of
the configurable logic gates is described in Fig. 1. Data A and B are the data signals
that have to be processed, whose wavelengths are 4, and A4, , respectively. The probe
signal is a CW at wavelength 4_, which will be gain- and phase-modulated by the data
signals through the SOA. Thus the output optical spectrum of the probe signal will be
broadened. Different logic gates can be realized at different OBF setting.

M2y Ac A —
—— + XNOR(A® B
NORGzE) | At (A®B)
NOT(A)
B ; Arwm
T ' SOA AND(A'B) A A Ac
Probe > Aa [f\i} T ‘TT /'?
hc || | -
— A [| ]
> Ag (AB) + | 410
: |
— Ac‘!'.r:\?\]
OR(A+B)

Fig. 1. Nllustration of the configurable logic gates

When both data signals are present in the SOA, the conjugated light is generated
due to FWM effect. It can be optically filtered out to implement AND logic. When
either data A or B, or both are present, the probe signal is gain-modulated with polar-
ity-inverted output, which is logic NOR gate. Whereas, the slow gain recovery of
SOA degrades the output logic with serious pattern effects. In order to accelerate the
SOA gain recovery, the blue shifted OBF with small detuning to the probe carrier is
necessary. On the other hand, when the OBF is blue shifted by properly large detun-
ing (i.e., 4, +A4), the OBF is used to reject the probe carrier and select the blue-
shifted spectrum. Either data A or B or both launched into the SOA will induce blue
shifted spectrum, which fits in the OBF passband. If both data signals are absent, the
OBF will block the probe carrier. Therefore the output is logic OR gate, which is
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Fig. 2. Experimental setup of the configurable logic gates

based on the principle of SOA T-XPM. The XNOR can be obtained by coupling the
AND output and NOR output with proper power equalization. The NOR logic gate
can be simply changed to NOT logic, merely turning off one data signal.

The experimental setup for configurable logic gates are described in Fig. 2. The
wavelengths of three CW beams generated by LDI1, LD2, and LD3 are 1549.3nm
(A,), 1550.7nm (A4,), and 1557.3nm (A,), respectively. The data signals (4, and
A,) are modulated by two Mach-Zehnder Modulators (MZMs) at 40Gb/s to form
231-1 return-to-zero (RZ) pseudo random binary sequence (PRBS) signals. The duty
cycle of these RZ pulses is 33%. Two data signals will be separated by the wave-
length division multiplexer (WDM) and one of them is delayed for several bits by an
optical delay line (ODL), therefore, two data signals with different data pattern are
obtained. The employed SOA is the same to that of Fig. 2. A tunable narrow OBF1
with 0.32nm bandwidth is used to filter the OR logic and AND logic. Another 1nm-
bandwidth tunable OBF2 is used to filter the probe signal with NOR/NOT output, or
filter the data A with ABoutput, or filter data B with AB output. Both AB and
AB should be obtained with large power contrast between data A and B. EDFA2 is
used to amplify the AND power, and the coupler (OC5) can combine it with NOR
power to realize XNOR logic. Finally, the optical spectrum analyzer (OSA) and
communication signal analyzer (CSA) are used to observe the optical spectrum and
waveform of the converted signal.

The input data A and B before entering the SOA are shown in Fig. 3(i) and (ii), re-
spectively. Both waveforms have a peak power of 2.6mW with extinction ratio (ER)
over 13dB. The probe signal has a power of 0.6mW. We can see that the conjugated
light appears at 1548nm at the SOA output, as shown in Fig. 4(a). The conjugated
light is filtered out by OBF1 and amplified by EDFA2, then the output signal is the
logic AND with good eye pattern, as shown in Fig. 3(iii). The output ER is 8.04. In
fact, the input probe signal has additional function to accelerate gain recovery speed
of SOA and eliminate pattern dependent distortions. When the central wavelength of
OBF2 is blue-shifted by 0.1nm with respect to the probe wavelength, the output signal
is NOR logic, as shown in Fig. 3(iv). The ER of NOR logic operation is 10dB. The
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Fig. 3. Output waveforms for different logic gates, (i) and (ii) are input data signals, (iii)-(ix)
are logic AND, NOR, XNOR, NOT, AB, AB, and OR, respectively

AND output has a low power level due to low conversion efficiency of FWM, while
the NOR output has a high power level. With the assistance of EDFA2, the AND
output and NOR output have an equal power level with peak power of 1.7mW, which
are combined by optical coupler (OC5), thus the mixed signal is XNOR logic, shown
in Fig. 3(v). We can observe much noise appears in level “one”, which is caused by
different modulation intensity in the NOR and AND outputs. As a result, there is a
small eye opening ratio with ER of 6dB. When LD?2 is turned off, the NOR gate can
be simply changed to the NOT gate, as shown in Fig. 3(vi). Good eye pattern can be
observed and the ER reaches 11.5dB.

Based on these five logic gates, all-optical digital encoder and comparator could be
demonstrated. As shown in Fig. 4(a) and Fig. 1(c), digital encoder consists of four
logic outputs YO, Y1, Y2, Y3, which are corresponding to four different input condi-
tions. These four different outputs are achieved by four different logic gates: A-B,
AB ,AB and AB, respectively. For input signal A and B with bits “00”, “01”, “10”
and “117, output bit “1” appears only at port YO, Y1, Y2 and Y3, respectively.

For digital comparator, three logic outputs are needed to represent three results af-
ter comparing the two digital signals. When A is bit “0” and B is bit “1”, only the
A<B output port is bit “1”, and this operation can be represented by AB logic. When
A and B are both bit “0” or bit “1”, only A=B output port is bit “1”, and this operation
can be represented by A® B or XNOR logic. When A is bit “1” and B is bit “0”,

only the output A>B port is bit “1”, this operation can be represented by AB logic.
From above discussions, we can find that Y1 output in digital encoder is identical
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with A<B output in comparator and Y2 output is identical with A>B output. In other
words, all-optical digital encoder and comparator can be achieved by five different
logic functions: A-B ,ZB ,AE,AB and AOB.

Fig. 4(b) shows the principle diagram of proposed scheme for all-optical digital en-
coder and comparator. Three SOAs are exploited in this scheme. Signal A and B are
input signals with wavelength A, and A, respectively. SOALI is used to achieve AB
logic function at wavelength 4, based on XGM effect while the optical power of signal
A is much larger than signal B. Contrarily, SOA2 is used to achieve AB logic function
at wavelength A, while signal B is much stronger than signal A. Signal A and B are
injected into SOA3 together with a continuous wave 4, . FWM and XGM effects occur
simultaneously in SOA3. Based on XGM effect, we can get NOR logic at wavelength
A, - On the other hand, we can achieve logic AND at the new generated channel based
on FWM effect while the optical power of two data signals is nearly equal. Based on the
output AND and NOR gates, we can get the XNOR gate by coupling the two outputs
together with proper power equalization. Therefore, we can obtain five different logic
gates based on XGM or FWM effects in three SOAs, which can be exploited to achieve
all-optical digital encoder and comparator simultaneously.

A B A AB
= VO B soAl & Y I/A<B
:B BPF _
—— Y1/A<B 4 AR -
SOA2 " Y2/A>B
T Y2ASB 1

—-+——p Y3

o AB
(a)

Input data bits Encoder (four outputs) Comparator(three outputs)
A B YO Yl Y2 Y3 A<B A=B A>B

0 0 1 0 0 0 0 1 0

0 1 0 1 0 0 1 0 0

1 0 0 0 1 0 0 0 1

1 1 0 0 0 1 0 1 0

(c)

Fig. 4. Concept and operation principle of digital encoder and comparator, (a) digital gate-level
diagram of encoder/comparator; (b) optical implementation of encoder/comparator; (c) logical
truth table for the encoder/comparator

3 All-Optical Minterms Generation Based on Delay
Interferometer and SOAs

In this section, a general scheme for reconfigurable logic gates for multi-input DPSK
signals with integration possibility is proposed. Benefiting from the optical logic
minterms developed by two kinds of optical devices, i.e., optical delay interferometers
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and semiconductor optical amplifiers (SOAs), target logic functions can be realized by
combining specific minterms together. The scheme is reconfigured by changing the
phase control of the delay interferometers or the input wavelengths.

In our scheme, delay interferometers (DI) and semiconductor optical amplifiers
(SOA) are used to develop NOT gates and NOR gates, respectively. A DI is a Mach-
Zehnder interferometer which has a differential delay 7 in one arm and a tunable

phase controller @, in the other, as shown in Fig. 5. 7 must equal the bit interval of
the given bitrate in order to correctly demodulate DPSK signals while @ must be

tunable to ensure accurate demodulation.

In order to explain the operation principle of the scheme, the logic evolutions of
DPSK signals through the entire system is briefly described, as shown in Fig. 5. In the
first stage (I), two DPSK signals are generated from two absolute binary data A and B
respectively. The coding rule is assumed that ‘1’ is encoded as no phase shift between
adjacent bits while ‘0’ is encoded as 7 shift. After transmission, as shown in the second
stage (II), DIs are used to demodulate DPSK signals and recover the original binary data
(i.e., A or B in this case). Note that either the original data or its inversion can be ob-
tained at a certain output of the DI, depending on whether the interference at that port is
constructive or destructive. This can be seen from the frequency domain by checking
whether the signal wavelength is located on the transmission peak or notch of the spec-
trum of the concerned output. If the signal wavelength is located on the transmission
notch, the spectrum will features as two main peaks with a noticeable notch at its central

transmission span
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Fig. 5. Logic evolution of two DPSK signals in the generation of optical logic gates from opti-
cal minterms based on DIs and SOAs
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wavelength. On the other hand, only one main peaks is observed. Based on the illus-
trated locations of the signal wavelengths on the transmission spectra of the DI (as
shown in the dashed box in Fig. 5), A (orignial data) shows up in the upper output port
of DIl and A (inverted data) in the lower output. Oppositely, B is obtained in the lower
output of DI2 and B in the upper output. In fact, DIs offer a large degree of flexibility
of the scheme besides carrying out NOT operation, as will be shown later.

The demodulated signals are combined by optical couplers before launching into
the SOAs. It is well known that the cross-gain modulation (XGM) of SOA can be
used to carry out NOR operation of nonreturn-to-zero (NRZ) OOK signals. Fig. 6
shows the output probe (A,) power of the SOA versus the input pump (A4, ) power.

Due to the gain-saturation characteristics of the SOA, the CW probe light will be
switched off at the output of the SOA if the input signal power is larger than Pin, H,
corresponding to ‘0’ in the output. On the other hand, CW probe light is switched on
at the output of the SOA if the input pump power is smaller than Pin, L, correspond-
ing to ‘1’ in the output. For input power between Pin, L and Pin, H, error logic results
will occur. Note that SOA can carry out multi-input NOR operation as well. This is
because when one tributary is at ON-state, no matter what states other tributaries are,
the total input power during that bit period will exceed Pin, H and saturate the gain of
the SOA to generate ‘0’ at the output. The case that the input DPSK signals are re-
turn-to-zero (RZ) format needs to be mentioned. Although the logic integrity is kept,
the NOR logic results given by the SOAs will be in dark-RZ pulses due to the charac-
teristics of XGM. To avoid this, other kinds of NOR gates that can process RZ signals
can be utilized instead, such as logic gates based on SOAs and optical filtering. In the

third stage (IIT), an SOA carries out NOR operatlon of data A and B , creating logic
result AB . Similarly, the other SOA generates AB by executing NOR operation of

Aand B in stage (IV). In stage (V), final logic AB+ AB is derived by combining the
output of stage (III) and (IV) through an optical coupler which functions as an OR
gate due to the fact that the probability of concurrence of ‘1’ in different minterms is
zero. Therefore, an exclusive-OR (XOR) logic result has been derived. If we change
the connection of the optical couplers before stage (III) and (IV) so that the low out-
put port of DIl is connected to the upper output port of DI2, an XNOR logic
(AB+AB) can be obtained. However, the same result can be achieved without
changing any physical connections. This is because the DIs can provide a way to
exchange the output signals between its two output ports. That is, we can adjust the
location of the signal wavelength on the transmission spectra of the DIs to exchange

Por (22)

=7, (1)

Pin,L Pin,H

Fig. 6. Output probe power of the SOA versus the input pump power
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the interference conditions of their two output ports. This can be achieved by tuning
@, of the DIs or adjusting the wavelengths of the input signals. Note that unlike doing
proof-of-concept experiments as what we have done, it is difficult to change the input
signals in practical situations. In that case, tuning @, is the only choice.

Simplified setups are adopted in the experimental trials. That is, a single DI can
perform NOT operation for several DPSK signals simultaneously if the input wave-
lengths can be adjusted. Fig. 7 shows the experimental setup for realizing two-input
minterms. Fig. 8 shows the setup for realizing three-input minterms. To facilitate
description, important measuring points, i.e., Dol, Do2, Sil, Si2, Sol, So2 and So3,
are marked on Fig. 7 and Fig. 8.

BPG
DPSK
A4 [TLD7 J
o
As[TLD2 " -y

=g |
@ \ @,

va @ oo

Fig. 8. Experimental setup for three-input NRZ-DPSK logic minterms

3.1 Two-Input Minterms

Due to energy conservation, m; and m; appear simultaneously and so does m; and
m; . The signal spectra STO2 shown in Fig. 9(a) are measured at Sil when two-input
minterms mf are derived at Sol. Simultaneously, ml2 are obtained at So2 and the
spectrum measured at Si2 are shown by STOL1. In this case, signal at 4, and A, are
destructively and constructively demodulated at Sil, respectively. Using the same
setup but shifting 4, downwards by 0.4nm, both A, and A, are constructively de-
modulated at Sil. m; and m; are derived at the same time and the spectrum meas-
ured at Sil and Si2 are shown by STO3 and STOO in Fig. 9(b).
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Fig. 9. STO0~STO3: signal spectra measured at Sil or Si2 in Fig. 7 when two-input minterms
(m} ~m; ) are derived at Sol or So2

Fig. 10 shows the measured trace of m; ~m; (MTOO ~MTO3), observed at Sol
(MTO1 and MTO?2) and So2 (MTOO and MTO3), respectively. Also shown in Fig. 10
are combined traces CTOO~CTO3 measured at Dol or Do2, corresponding
to Z(A B) Z(A B) Z(A B) , and z A B , respectively. The symbol
Z stands for power superposmon Note that m, equals NOR logic and m; equals
AND logic. Since m; and m; appear at the same time, a simultaneous AND and
NOR logic operation can be obtained.
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Fig. 10. Measured m; ~m; (MTO0~MTO3) as well as the corresponding combined signal
measured at Dol or Do2 in Fig. 7 (CTO0~CTO3)
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3.2 Three-Input Minterms

Using the set up shown in Fig.8, eight minterms for three-input DPSK signals are
obtained. The temporal waveforms of m ~m. are shown by MTEO~MTE7 in Fig.
11. The temporal waveforms of combined signals measured at Dol when m are
derived at Sol are shown by CTE7 in Fig. 10 as well. As shown by STET7,
Z(A,B,C ) are derived at the input of the RSOA according to the properties of the
demodulated spectra as described in section III, resulting in »2 after the NOR opera-
tion which can be verified by comparing CTE7 and MTE?7 in Fig. 11. The full logic
integrity of the scheme can be verified by calculating the logic results manually.
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Fig. 11. MTEO~MTE7: measured temporal waveforms of m3~7

4 Conclusions

All-optical logic operation is very important function for all-optical signal process-
ing in optical networks and optical supercomputing. Based on various nonlinearities
in single SOA, five different logic gates were demonstrated, and all-optical digital
2-4 encoder and comparator could be realized with similar principle in three SOAs.
Based on demodulation process of DPSK signals with delay interferometer and
XGM effect in SOA, all-optical minterms generation for two input and three input
signals were demonstrated, and these minterms could be exploited to realize
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arbitrary logic functions. These two schemes are flexible and powerful functional,
and possible to be integrated, therefore, these schemes are worth to be further inves-
tigated for possible practical applications in real systems.
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Zero-Energy Optical Logic: Can It Be Practical?
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Abstract. The thermodynamic “permission” to build a device that can evaluate a
sequence of logic operations that operate at zero energy has existed for about 40
years. That is, physics allows it in principle. Conceptual solutions have been ex-
plored ever since then. A great number of important concepts were developed in
so doing. Over the last four years, my colleagues and I have explored the possibil-
ity of a constructive proof. And we finally succeeded. Somewhat unexpectedly,
we found such a proof and found that lossless logic systems could actually be
built. And, as we had anticipated, it can only be implemented by optics. That
raises a new question: Might an optical zero-energy logic system actually be good
enough to displace electronic versions in some cases? In this paper, I do not even
try to answer that question, but I do lay out some problems now blocking practical
applications and show some promising approaches to solving them. The problems
addressed are speed, size, and error rate. The anticipated speed problem simply
vanishes, as it was an inference from the implicit assumption that the logic would
be electronic. But the other two problems are real and must be addressed if en-
ergy-free logic is to have any significant applications. Initial steps in solving the
size and error rate are addressed in more detail.

1 Introduction

Over the last few years, my colleagues from multiple universities (Fisk, The Tech-
nion, Idaho State, Utah) and two fields (optics and logic) have worked to solve the 40-
year-old problem of how to do an arbitrary sequence of logic operations without using
any energy (1-3). We finally achieved that goal. References 4-7 retrace our path. We
had hoped to show that zero-energy logic operations were possible, and we finally did
so. That, of course, is gratifying. We accomplished that goal by showing how to build
such lossless logic systems. But we had assumed that a demonstration would have an
effect somewhat like the effect of Turing machine: Fundamentally significant but not
something we would like to use for practical applications. We had a constructive
proof that zero-energy logic is possible. Prior models such as the billiard ball com-
puters can not be built. So the question of practical implementation never arose. But
our systems can be built. So the next question is: Can we make it practical? The obvi-
ous problems are speed, accuracy (always a problem with analog operations), and size
(optics is usually bigger than electronics). These are new problems, so the solutions
developed here are preliminary. They are also likely to be far from final.

S. Dolev and M. Oltean (Eds.): OSC 2009, LNCS 5882, pp. 30 20009.
© Springer-Verlag Berlin Heidelberg 2009
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1.1 Background

Thermodynamics is a science of the possible and the impossible, but it does not give
us ways to achieve the allowable. Logic operations can operate without energy con-
sumption' if they do nothing lossy or irreversible. This was proved and examined in
some detail by IBM scientists Landauer and Bennett (1-3). Since then many great
computer scientists and physicists did important and clever work trying to accom-
plish the goal of energy-free logic (4 -7). Some while ago, my colleague Joseph
Shamir and I sought to accomplish this optically, for the simple reason that, unlike
electronics, optics need no push or pull to move carriers along. Light is self driving as
is implicit in any periodic solution to Maxwell’s equations. We learned a lot even
though we failed in the goal.of creating energy-free logic (8). Many years later, we
secured funding to see if we could create logic operation at no cost in energy/ this
time, however we would work closely with logicians. The time and the people in-
volved turned out to be adequate to the problem. Of the papers published en route to
the final solution, we list only a few here (9-11). The conventional analysis of re-
versible logic gates is shown in Fig. 1.
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Reversible Zero-Energy
Operations Logic

Fig. 1. Shows the situation as it was known on the 1860s and 1970s

! Zero energy logic is just that. Energy is still required to insert data and to read data. What
happens between input and output is what is the subject of this 40 year effort.
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Retrospectively, some of what we did is almost obvious even though it was
difficult for us as it was for the wonderful scientists who went before us, Very often,
the solution to a longstanding problem results from examining implicit assumptions.
Removing those assumptions took some effort. Let us tabulate the implicit
assumptions usually made and note in the process how eliminating each makes
solving the problem easier.

Assumption Consequences if true Consequences if false
Boolean logic requires | We need gates that Perhaps we can find a
some version of Boolean | perform the Boolean signal flow logic more
logic gates function along with suitable for optical logic
“garbage’

The logic gates must be Lossless logic is precluded | The many passive optical
electronic form the beginning operators in optics offer
hope

Decisions are nonlinear The only hope would be We can view Mach-

operations and will something unheard of — Zehnder interferometers as
always need energy linear decision making decision makers
Decisions must be The intensity read says Computation can be
represented by signal whether the logical converted from intensity to
intensity operation is true or false

position. Where light
appears carries the
information

Table 1 shows some of the implicit assumptions we ignored and how eliminating
them made lossless optical logic attainable.

This introduction is not intended to describe our solution in detail, but the
references cited earlier do as does the graphical explanation in Fug. 2.
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The Solution for
Zero-Energy Logic

Passive Optical Optics-Friendly
Components Directed Logic

Beamsplitters Interferometers Two Outputs

The Truth of The Complement
The Sought-After of the
Logical Expression Other Output

Fig. 2. Eventually we found a way to do lossless optical logic as suggested here

Using all of the consequences shown in the right most column of Table 1 apply, we
simply note the basic elements of our solution.

e  All operations are optical and thus analog by the physical structures. They
are. The logic is, in a sense performed by the light not by the physical appa-
ratus. This is arguably the most dramatic of our team’s accomplishments to
date. Directed Logic directs light through a sequence of optical operators that
allows or directs them to do the desired operations.

e The logic implemented is what we have called Directed Logic (8). Any Boo-
lean logic operation can be evaluated with Directed Logic. Directed Logic
uses optical propagation not switches to operate. So far as I can tell, this is
the first optics-friendly logic ever devised. Classical logic gates not always
be imbedded in Directed Logic even though the same problems are being
performed.

e Interferometers or their near neighbors do the decisions for us.

e The system has two inputs we can call A and B and two outputs C and D. Let
the logical operation being performed be f (A, B). Then one of the outputs
(call it C without loss of generality) has light output if f (A, B) is true. As
light must go somewhere, the other output will be —f (A, B). Thus, it gener-
ates both f (A, B) and —f (A, B). That is not the case in the conceptual de-
signs of reversible logic gates.

Directed Logic is new and has been discussed elsewhere (refs). It is so different from
conventional Boolean logic gate systems that we choose not to describe it in depth
here.

Rather, we show a simple example that illustrates the problems that stand between
the constructive proof and practical applications.
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Fig. 3. Shows an optical embodiment of a simple logic operation. All of the problems addressed
apply here.

2 The Speed Problem

As described in a very simple way by Feynman (9) the speed problem was expected
to be fundamental and also make these lossless devices very very slow. In an elec-
tronic zero-energy system, a signal entered must wait for Brownian drift to create a
signal at the output. But applying a voltage, we can improve the speed of the signal
through the system. But that requires energy.

This problem does not apply in optics. As shown by Maxwell’s equations, electro-
magnetic waves drive themselves and do so at a fixed speed. The phrase “computa-
tion at the speed of light” is often used and often meaningless. But, light does not
need to be pushed or pulled through a system.

But “speed” means something else to computer scientists. It usually means allow-
able bandwidth. The fastest pulses in the world are optical. Pulses as short as a few
wavelengths have been made. In our embodiments, we can limit the clock skew to a
small fraction of a wavelength. Directed Logic maps easily onto the physical con-
figuration suggested by Shamir and Caulfield 20 years ago (8). This allows path
lengths to be equal for all signals and allows the paths to be equal to within a fraction
of a wavelength. As the shortest pulses of light are many wavelengths long, clock
skew will not be a problem. Device construction does not limit the bandwidth. There
is a latency but it is small and the same for all paths if we use the pattern of system
construction we proposed 20 years ago (8).

3 The Accuracy Problem

All computations are analog. Digital computers correct the 1 or O after each elementary
operation, so the raw BER (Bit Error Rate) can be made very small. This slows down
the operations but allows very accurate results are obtained. Analog operations are faster
and cost less energy but are vulnerable to cumulative error as outputs of each compo-
nent are not corrected before they are input to the next operation. These problems are
inevitable in any zero-logic system,. But we have found a new way of reducing error
that remains to be explored for optical Directed Logic. In digital computation, the pre-
dominant source of error is due to the detection of no photons at a position where a 1 is
intended. As Poisson distributions are predictable, we can calculate the average number
of photon detections needed to reduce this error below any given rate. For instance an
expected 88 detected photons per detection period allows a 10 BER.
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But our devices are almost certainly better than such an operation would suggest.
There are two outputs, not one as in binary Boolean logic operations. And, those out-
puts are complementary (light must go somewhere. If it does not go to one output, it
must go to the other. We have two outputs to measure and help us find and remove
errors. Just how to do that is less clear. If we get a zero in both channels, we can be
quite certain that an error has occurred. If there is a single photon in one and none in
the other, we declare a 1 to be present. There are many possible ways to do the error
detection and correction. The contrast ration between the two outputs seems a good
thing to measure. Large contrast means probably correct results. But we have not
decided how to use this extra information, but we are certain that using the informa-
tion will be better than not using it.

The other thing that makes us a little less concerned about than we were at first is
the accuracy problem. No one really needs computations to be correct to a 10” BER.
That error rate is necessary in some applications, because the computational complex-
ity of many problems makes the result many orders of magnitude less accurate than
the accuracy of the accuracy of the computer itself. The logical computations we are
likely to make will not be that complex, so for many cases a much lower BER is satis-
factory.

4 The Size Problem

There is a fundamental problem when optical logic is compared with electronic logic.
The wavelength of light is much greater than the wavelength of electrons. Electronic
elements can, in principle, be much smaller than optical elements. In current practice
that is the case. But the UV photolithography used to make some small electronics
logic can be used to make optical logic gates as well.

If we sacrifice the zero energy advantage we might use plasmonic commotions to
accomplish subwavelength logic.

Also slow light reduces interaction distances and may help make smaller
components.

S5 Motivations for This Paper

It was my hope five years ago to make a significant contribution to the zero-energy-
dissipation logic problem. The most important thing I did was to gather a group of
physicists, electrical engineers, and logicians to work with me. My fondest expecta-
tion was that we might find a way to make such devices. It would undoubtedly be
impractical as were the early concepts in the field, e.g. the billiard ball computer. To
my great relief, we actually solved the problem and have reported on our solution
elsewhere. But there was an even greater surprise from my viewpoint. Zero-energy
logic was possible to implement and that implementation lent itself to being on chip
with other optics and with electronics. Perhaps it might become useful in applications
as well as in providing a manufacturability existence proof of zero-energy logic. It
might even be useful in real applications.

Toward that end, I wanted to summarize the problems I saw in implementation of
these systems and even offer some preliminary remarks on how each of the problems
might be alleviated. This is a transparent attempt on my part to transfer further work
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on this problem to some of the many others who are better equipped by background
and skills in such matters. I have taken this matter as far as I can go.

6 Conclusions

Zero-energy-dissipation logic has now been shown possible using passive optics. It
could be implemented in bulk optics but the integrated optics implantation seems
closer to becoming a practical approach for on-chip implementation. This paper has
shown that there are at least three problems with that implementation: speed, accu-
racy, and size. It is my hope that all of these problems can be solved, and I have pre-
sented preliminary thoughts on how they may be solved or at least greatly reduced.
Like Moses and Martin Luther King, Jr., I have seen the Promised Land. But I may
not get there. Zero-energy logic seems to me likely to be useful in some real world
situations. Only others with more suitable backgrounds and skills are needed to real-
ize that dream.

Acknowledgments. Solving the fundamental problem of zero energy logic required a
team of hard working experts in many fields, I was fortunate enough to put such a
team together. Alphabetically, they are Elizabeth Golden, James Hardy, Lei Qian,
Joseph Shamir, Jonathan Westphal, and Andrey Zavalin. Without them, this paper
would not have been written. The Missile Defense Agency sponsored this work for
four years, so they deserve mention even though the contract was over when these
considerations were made.
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Abstract. Rejuvenated interest in exploiting linear optical processes
within computing and signal processing architectures calls for recon-
sideration of its attributes and limitations. The objective of this work
is a reassessment of various aspects of optics in computing in view of
recent advances in computing concepts and technology. The main em-
phasis will be on the temporal aspects that are ignored in the ma-
jority of publications. Since the characteristics of a computing system
are architecture- and application-dependent, the discussion will present
various issues invoking special examples. The discussions are limited to
the aspects of linear optics although a processing architecture may con-
tain non-linear devices as well.

1 Introduction

Coherent optical processors introduced in the early nineteen sixties mark the
beginning of the optical signal processing era. Fast development and excitement
over the possibility of “computing with the speed of light” caused workers in
the field to overlook both some fundamental limitations and the immaturity of
the technology. In fact, some of the advantages of optical processing have not
been discovered until much later. Of course this is not an unusual development
for a new and promising research area. Unfortunately, frustration caused by the
inability to materialize expectations caused a marked decline of interest in the
field. During the years, the introduction of new technologies and concepts helped
to reverse this trend with various ups and downs along the way.

To assist in keeping up a balanced outlook, this paper will elucidate some of
the fundamental attributes of optics in computing, discuss physical limitations
imposed on the performance of optical and electro-optical architectures and in-
dicate some novel concepts that may help in advancing the field. The main
emphasis is on the mostly ignored temporal aspect, which will be illustrated by
several representative examples. There is no attempt to address all advantages
and drawbacks of optical processors, most of which have been treated, in a scat-
tered way, by several authors [I]-[9] but it is expected that the results here will
trigger adequate interests in followup investigations.
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© Springer-Verlag Berlin Heidelberg 2009
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2 Basic Considerations

The fundamental function of an optical field is that it solves the wave equation
in the three dimensional (3D) space under a given set of boundary conditions. If
we consider the boundary conditions as the input signal, the solution of the wave
equation within a given architecture constitutes the required process. Thus, a
huge amount of information can be processed in parallel, at the speed of light.
However, by its nature this process is subject to intrinsic limitations that can be
partly mitigated only at the expense of some of the advantages. Probably the
most important attribute of optics is its huge parallelism, which cames about
buy the non-interaction between photons. This attribute is also the handicap
that prohibits the translation to optics of electronic processes where the mutual
interaction among electrons is the basis for any operation.

From a global point of view we are dealing with operations in 3D. However,
in optics usually one dimension is reserved for the propagation and processing,
leaving only the two other dimensions for the information input and output. In
other words, given the propagation architecture (free space, optical system, set
of waveguides, etc.), the whole process is uniquely determined by the boundary
condition (information input) presented over a single, 2D surface (not neces-
sarily plane). If it is desired to include information from a 3D region, such as
holographic recording, this is done on the expense of the information density
obtained from each surface within that 3D region of space. In other words the
amount of information on a hologram is determined by the hologram material
and recording process and it can store a corresponding amount of information
from a single surface, or, the information can be distributed in 3D space on the
expense of the available resolution from each 2D surface. Moreover, although
the velocity of light is quite high, it is still finite. This finite velocity may cause
information from different parts of the input space to reach a detection region at
different times giving rise to a time delays and time-skew effects. This problem
was realized in 1987 [2] and is the main subject of this work as well.

The manifestation of the general properties of light depends on the optical
architecture and the application at hand. Sometimes they show up as attributes
that make the process work while at other instances they cause impediments
that must be mitigated for implementing a certain process.

Classical optical systems, such as imaging systems, are based on discrete op-
tical components separated by sections of free space. The main attribute of such
systems is the large amount of information that is transmitted in parallel. The
total quantity of information that can be conveyed within a given optical sys-
tem was extensively studied and is quite well understood. Considering the high
velocity of light and the relatively slow detection systems employed in these
classical systems, much less attention was directed toward the issue of temporal
response [2]. This situation meets a significant challenge when one intends to
extend the operation of these systems toward the implementation of high-speed
mathematical processors.

During the 1980’s much effort was directed toward the implementation of
optical computing architectures. While some of those worked quite well with a
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limited number of processing elements their characteristics were extrapolated to
large arrays operating at high speeds. Unfortunately in many of these extrapo-
lations the finite velocity of light was ignored until some of its implications were
realized [2] and further investigated in Refs. [5] and [6]. In the following, the
temporal aspects of problem will be illustrated by a few examples invoking some
new insights that were not realized before. In the following sections we shall
address this problem in more detail with specific examples providing some new
insights.

3 Optical Systems Based on Free Space Propagation

As indicated above, classical optical systems are composed of sections of free
space enclosed between discrete components such as lenses, spatial light modu-
lators (SLM) and detector arrays. The outside information is introduced in one
or more of these devices, the light propagating through the system performs
the desired operation and the final, or intermediary results are usually detected
by a detector array or recording medium. Consequently, the most frequently
employed process is the propagation in a free space section. In this section we
discuss this propagation from its temporal aspect as suggested in Ref. [2] from
a straight forward geometrical point of view as shown in Fig.[Il In the following
we shall consider, for simplicity, only one dimension out of the two input dimen-
sions in a characteristic optical system. With some additional labor and space
all results can be easily generalized for the complete 2D. Assume a section of free
space of length L enclosed between an input plane, In, where, for example, an
SLM or a transparency illuminated by a coherent plane wave can be placed, and
an output plane, Out, which may contain a recording medium or device, or, it
may be an intermediary plane followed by additional optical components. Since
there is just free space between the two planes, diffraction effects, originating
from the wave equation, predict that light from each point of the input plane

In Out

D 6 2(-)\L N

Fig. 1. Time skew in free space
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reaches each point of the output plane. Thus, illustratively, there are “light rays”
of various lengths between L and R that can meet over the output plane. The
shortest distance between the two planes is L with the so called pipeline delay,
L/c, with ¢ the velocity of light. The pipeline delay is significant but usually has
no damaging effects. The more destructive effect is introduced by the relative
delay between L and R. If the length dimension of the effective aperture of the
input plane is D, we obtain a length difference between the direct ray, L, and
the most inclined ray, R,
D D D

0=R—-L= =

sin(26) B tan(20)  sin(26) [1 — cos(20)] = D tan@ (1)

where sinf may be regarded as the numerical aperture (NA) of the system.
To appreciate the implications of Eq. (1) we take a typical configuration with
D = 1lem and NA = 0.5 to obtain § ~ 5.8mm, which leads to a relative maxi-
mum time delay of At &~ 20ps. Such a figure may be quite bothering in several
applications. For example, on one hand, if a coherent process is considered, such
as holographic recording, the coherence time must exceed this delay. On the
other hand, if high-speed digital processes are to be implemented, any short
pulse length will be broadened to at least At since all time delays will be inte-
grated from 0 to At. This becomes extremely significant when processing speeds
of the order of 100 GHz are considered. We should point out that the number
derived here is the maximum delay observed at the edge of the output plane
and, according to the geometry of the system, the time skew will be reduced, de-
pending on the position over the output plane and the scattering characteristics
of the input function.

4 Fourier Transform Optical Systems

The simple geometrical arguments of Ref. [2] were generalized for more complex
optical systems in Ref. [6]. Here we shall discuss, also with some new insights, op-
tical systems containing one or two lenses. We start with the single lens Fourier
transform (FT) system of Fig. 2l based on a lens with focal length f, an input
plane of clear aperture with dimension D containing the input function illumi-
nated by a coaxial plane wave and the output plane. To analyze this system we
may decompose the input function into its plane wave spectrum. One component
of the plane wave spectrum is shown in the figure with three associated rays. All
these rays converge to the spatial frequency component represented by a point
on the output plane, which in this case is the FT plane. By this process, the
contribution from the whole input plane to this spectral component is integrated
(superposed) at that corresponding point. Each ray has a different path length
with a maximum differential value, and a corresponding time delay,

0 =Dsinf At =6/c (2)

where the maximal acceptance angle, 0,4, corresponds to the system N A i.e.
sin @4, = NA, and c is the velocity of light. Mathematically, this time delay
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Fig. 2. Time skew in a Fourier transforming optical system

can be interpreted as a phase delay, which is represented by a linear phase
factor that serves as the kernel of the FT operation. Thus, this phase delay is
intrinsic to the FT operation and cannot be modified if this transformation is
to be performed. The implications of this result are significant. First of all, to
perform an optical FT the coherence time of the illuminating light source must
exceed Atyar = Dsinfpq./c. If the coherence time is smaller, i.e. operation
with incoherent light or short pulses, a F'T will not be performed. Also, similar
to the free space operation of Fig.[Il a sub-picosecond pulse illumination will be
broadened over the Fourier plane. Unlike in the free space case, the broadening
is uniquely determined for each spatial frequency component which, in turn,
depends on 6.

It is interesting to note that for paraxial systems, tanf =~ sinf leading to
similarity of the maximal time skew in free space and the FT system but the
distribution of its value over the output plane is quite different. Caution should
be exercised during applications of these results to non-paraxial systems where
the situation is much more complicated than suggested by the above simplified
derivations.

Now, suppose that we extend our optical system by a second, identical FT sys-
tem as in Fig. Bl The figure indicates that the time skew is exactly compensated
by the second FT system. Indeed, we know that in this case we ideally obtain
a one-to-one image with no distortion. This state of affairs is fundamentally
altered when we place a material object, such as a transparency or spatial light
modulator, in the FT plane. In this case a point by point multiplication occurs
between the FT of the original input function and the new function present on
the FT plane. In principle, this is a non-linear operation which generates new
spectral components contained in the field transmitted by the FT plane toward
the output plane may lead to an enhancement of the time skew effect, rather
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Fig. 3. A double Fourier transform system

than its compensation. Obviously, the degree of the skew observed over the out-
put plane of this 4f optical correlator is a strong function of the nature of both
input functions and can vary between 0 and twice the amount of a single FT.

5 Imaging Optical Systems

The empty 4f imaging system of Fig. [Blrepresents an ideal imaging system where
the mapping of each point from the input plane onto the output plane takes
exactly the same time. In Ref. [6] such a system is classified as possessing double
Fermat degeneracy. In contrast, a single lens imaging system, such as the one in
Fig. @ contains only a simple Fermat degeneracy because it may take a different
time to map point A onto A‘ than the time it takes to map point B onto B¢.
The reason is the presence of a quadratic phase factor associated with the single

B

In Out

Fig. 4. Single lens imaging with the spherical wave front incident on the output plane
indicated by the curve line
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lens imaging. Unlike the systems discussed above, the resulting time skew is
not an intrinsic character of the system and it can be easily compensated by
an additional lens or observation over a spherical surface. Moreover, the Fermat
degeneracy indicates that all rays from object point to image point have the
same optical length and, if illuminated by a pulsed source, there will be no pulse
broadening over a point detector but the detection at different points may be
delayed with respect to each other.

6 Mathematical Optical Processors

While in classical optical processes the discussed time skew can be usually ne-
glected this is not always true in optical mathematical processors. One such
example is the typical vector-matrix multiplier presented in Fig. Bl While the
schematic sketch of the figure indicates implementation by free space propa-
gation, destructive diffraction effects must be mitigated by much more com-
plicated architectures. In any case, in its free space form it suffers from the
free space skew while a more practical implementation, which contains astig-
matic optics performing FT in one dimension and imaging in the other one,
the time-skew effects of the F'T comes into play, limiting the ultimate operation
speed.

Another example is the matrix-matrix multiplier (Fig. @) proposed in Ref.
[10] and analyzed in Ref. [5], which also suffers from similar limitations.

The time skew as well as diffraction and other limitations, as discussed for
example in Ref. [5], are quite similar in all bulk optical systems. The time skew
increases with NA and system size and so does the information content that
can be handled in parallel. Thus, the larger the information content, the slower
will be the speed. There is no “free lunch” but optimization of specific systems
should be possible and is a subject to further study.

h W W W W W W W .

)\ W W . W W WA . W W W
. W W W W W V. W W . W

/

é///)///()ut

Fig. 5. A vector-matrix multiplier
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Fig. 6. A matrix-matrix multiplier or and N* interconnection network

7 Guided Optics

As indicated by the above examples, time skew and diffraction will always limit
the performance of bulk optical systems. The same is true for architectures imple-
mented in a slab waveguide, which is the physical implementation of 1D optical
systems as discussed above. One way to bypass these limitations is to constrain
the light into wave guides, optical fibers, channel guides, etc. While at present
such wave guides are relatively thick their size already approaches the extent of
diffraction limitations in bulk optical systems and there are good prospects for
additional miniaturization employing optical crystals and plasmonics. In guided
optics time skew problems can always be mitigated by adjusting the lengths of
the guides and it remains to design architectures that can perform a desired
operation. The best proven attribute of guided optics is its ability to convey
information rather then to process it. As indicated above, the reason for this is
the main property of non-interaction of light with light. Nevertheless, the flow of
light in guides can be controlled electronically or even opto-electronically using
an external control channel.

We represent here a large class of processors based on guided optics by the
interconnection network [I1] based on the optical Fredkin gate [I2]. The network
of Fig. [Mis a section of a larger interconnection network. Each line represents a
wave guide channel and the ovals are control sections that determine if the light
in the corresponding channels continues to propagate in the same channel or
the information is interchanged between the two adjacent channels — this is an
optical Fredkin gate. Considering the left hand side of the array as the input and
the right hand side as the output this array can be programmed by the Fredkin
gates to perform any permutation among the input signals.

In an alternative application, the implementation of directed logic [13] is
achieved by considering the control signals as the input information and the
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Fig. 7. Interconnection network. Lines represent wave guides and the ovals are the
controls of wave guide couplers.

light traveling in the guides transmit the information. Properly arranged, this
network can implement all logic functions.

8 Conclusions

The emphasis of this paper was on the temporal limitations on optical processes.
It was shown that there are intrinsic limitations caused by time skew — a fun-
damental property of several optical architectures. One possibility to mitigate
this limitation is to let the light propagate in wave guides as illustrated by a
representative example.
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Abstract. The construction of an optical computer that can explore the
computation tree of a non-deterministic Turing machine in the time it
takes to explore one path of the computation has been described in Dolev
and Nir 2003. In this paper, we elaborate on the design considerations of
Dolev and Nir 2003. The construction of such an optical computer will
allow solving NP problems in polynomial time. The limitation is space,
where every beam location (hitting a prism) represents a different Turing
machine configuration.

By the use of writable (holographic) memory, we are able to reduce the
space only by a constant factor. Tradeoffs between the use of semantics
for each location in space, and the use of digital storage is discussed.
In the writable model, configurations can be represented in binary (or
higher base digital) representation, rather than mapping each location
in space to a single configuration. We show that, the benefit of such
a digital representation in the scope of concurrent exhaustive search is
limited.

1 Introduction

Optical computing is viewed as a promising computational model. Most re-
search projects focus on replacing current computer components with optical
equivalents, resulting in an optical digital computer system processing binary
data. This approach appears to offer short-term prospects for commercial op-
tical computing, since optical components could be integrated into traditional
computers to produce an optical/electronic hybrid device. Our research is in the
non-traditional direction, similar to e.g., [BI2726/233TIOI3AB3I62], attempting
to develop entirely new methods of computing that are not physically pos-
sible with electronics, and truly exploit the full parallel capabilities of light
beams.

* Partially supported by Rita Altura Trust Chair in Computer Sciences, Lynne and
William Frankel Center for Computer Sciences.
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The technology today seeks multi-core solutions in order to cope with the
clock frequency limitations of VLSI technology. Namely, to implement a paral-
lel/distributed system on a single chip, where a bus is used for communication
among the processing units. Therefore, the communication overhead associated
with distributed/parallel processing is reduced dramatically. One may take the
multi-core technology to the extreme — having a very large number of cores that
are incorporated into the processing by sending signals over high-speed buses,
maybe using optical/laser communication instead of traditional buses [28/I8/17].

Optical communication may be chosen due to the free space transmission ca-
pabilities of laser beams or the need to transmit signals from/to the processing
unit through fiber optic channels. In such cases one may try to avoid the opti-
cal to digital conversion (and the digital to optical conversion) and use optical
switches for computing. The straightforward solution is to implement optical
logical gates, such as logical and gate and logical or gate, a design that directly
maps the current VLSI design to an all-optical processor [1T22].

On the other hand, electronic computers are not structured as mechanical
computers, such as the Babbage machine [I6], and it is possible that optical
computers should be designed differently as well. In fact, some success in using
many beams in free space for computing has been recently reported [2I]. The de-
sign of [2TI32] is based on parallel optical multiplication. The use of similar mul-
tiplication devices to solve NP-Complete problems is suggested in [29J30], where
a bounded device which is designed to solve NP-Complete problems bounded
by n, is able to solve instances of size smaller than or equal to n. Still, use of
the fact that beams propagate in three dimensions is limited in the architectures
of [2TI29] as the propagation of beams is in approximately the same direction.
The beam traversal time is not used in the architectures that use Multiplica-
tion; we propose to use the space in a multi directional fashion and use the time
dimension as well e.g., [9I24T5].

The seminal work of [27] presents mapping between beam propagation and
the computation of the deterministic Turing machine. In [27] it is proven that
the problem of ray tracing in three dimensional optical systems which consist of
a finite set of mirrors, with endpoints that are rational coordinates, is PSPACE-
hard. In [9] the use of a mapping similar to the non-deterministic Turing machine
by (amplifying and) splitting beams is suggested. The mapping can be viewed
as a theoretical existence proof for a solution, rather than an efficient solution.

The classic deterministic Turing Machine model is the base for the compu-
tation complexity classes, since any (electronic) computer can be viewed as a
version of a Turing machine. Interesting enough, the definition of the classi-
cal Turing machine has been extended to the case of non-deterministic Turing
machine [27], where the choice of the next state is chosen arbitrarily, in fact
all possible choices should be examined in order to reject the input. The new
definition fits many very important classic problems such as the traveling sales-
man problem. Is there a computation device (a computer) that can execute
non-deterministic Turing machine programs in the same time it takes for the
non-deterministic Turing machine?
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In this paper we intend to give some formal model of computation based on non-
deterministic Turing machine implementation. In this model non-determinism will
be achieved in a realizable way by the inherent parallel properties of optical compu-
tation. This model will be based on optical ray tracing presented in [27]. By enhanc-
ing the model of [27] we simulate non-determinism as a parallel computation of all
non-deterministic choices, simultaneously. The simultaneous computation will be
achieved by power enhancement and splitting of the optical ray of computation into
two separate optical beams, each representing a possible non-deterministic choice
of the computation.

In [27] it is shown that using only refractive components (prisms) and using
only rational representation coordinates, one can build an optical machine that
simulates any Reversible Turing Machine. By adding additional optical compo-
nents that are partially refractive, we will show that an optical machine can
be made to simulate non-deterministic Turing Machines as well. These partially
refractive components are also capable of splitting an incoming ray into two
separate outgoing rays (each, with the same energy as the incoming ray). The
basic reversibility principle in the optical machine of [27] is that for any state
configuration there exists a single possible prior configuration. This restriction
is due to the lack of complex partially refractive optical components in the op-
tical machine. By adding this more complex component we are able to achieve
(a) non-reversibility simulation and (b) parallel computation of any number of
possible (originally non-deterministic) computations.

In addition to presenting this optical model, we will present some notions of
complexity that are well known in computability theory, into our new model.
These computability classes include time and space, both deterministic and
non-deterministic and will be translated to appropriate time, space, and energy
classes.

Modern computers use digital representation to exponentially enlarge the do-
main that can be handled by a single analog signal. The position of each signal
defines the significance of the signal, rather than the strength of the signal.
Moreover, the digital binary (or higher based digital systems) is exponentially
smaller than an unary representation. One may conclude that a binary dig-
ital representation will dramatically save space and allow a solution for larger
instances compared with the architecture presented in [9]. We examine such pos-
sibilities assuming the existence of writable (holographic) digital memory. We
show that in the case of concurrent exhaustive computations, where the number
of computation paths that should developed at time unit grows, and at time ¢ is
ng, the writable memory capabilities will not avoid the need to store n; bits of
information. In the particular implementation of the non-deterministic Turing
Machine only a saving of a factor of two is possible.

The rest of the paper is organized as follows, in the next section we present the
main ideas for the construction of the optical computers. Then in Section [2] we
elaborate concerning the properties of the non-deterministic Turing machine and
in Section [3] we elaborate concerning complexity issues. In Section ] we suggest
the use of Binary, or other digital representation with a base greater than one,
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to reduce the required space. Holographic read/write memory is suggested for
supporting such a representation.

2 Optical Implementation of Non-deterministic Turing
Machines

In [27] it is shown that the states of an optical Turing machine are a finite
set of refractive objects that have an entrance (input window) and two exit
windows, the beam of light enters perpendicular to the entrance window and
its location in relation to the window represents the state of the tape. Inside a
state, the beam of light is transformed in accordance to a deterministic transition
function to the appropriate exit window and the beam location will represent
the new configuration of the machine tape. The beam is then redirected to the
appropriate next state to continue computation. To simulate non-reversibility
we need to allow incoming beams from any possible prior state to enter the
current state at any possible beam location relative to the input window, this is
achieved using the partially reflective surface much like a one-sided mirror, any
beam hitting this surface on the external side will continue towards the current
state, and any beam hitting this surface on the internal side will be reflected to
the current state, thus non-reversibility is achieved.

Achieving non-determinism is possible by splitting any outgoing beam from
some state to all possible state transitions as defined by the non-deterministic
transition function [9.

We assume that all non-deterministic machines’ state transitions are defined
as two possible state transitions, at each step of the computation execution. To
deal with machines that can change states (non-deterministically) to a larger
number of possible states we may transform the states of the given machine into
the former form (of at at most two beams fan-out) with only log(|Q]) multipli-
cation factor over the execution time, where @) is the set of machine states.

We assume a universal non-deterministic machine U that receives an encod-
ing of any two-fanout non-deterministic machine and can simulate that ma-
chine on any input, this simulating of the given machine over the universal
non-deterministic Turing machine will result in a an additional multiplication
factor over the execution time that is proportional to the length of the original
machine description.

The optical hardware: We are now ready to describe the actual components of
the non-deterministic optical computer. In addition to the components described
in [27], we need a device that:
(a) splits the outgoing beam from some exit window into two outgoing beams while
maintaining the relative location of these beams to two possible exit locations,
(b) enhances the energy of the split beams back to the original minimal energy
of the original beam before splitting.

In fact the device can be a one shot energy device where each location has
to split a beam into two beams with the same energy of the original only once.
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The reason is that the computations that started in this configuration have been
already explored following the arrival of the first beam to this location.

In this manner we can proceed simultaneous computation of all possible non-
deterministic computations. Note that the polynomial time achieved by the op-
tical non-deterministic computer cost (exponential) space (and energy), since we
have to ensure that every possible configuration of the Turing machine can be
represented and that from every configuration the beam can be split amplify-
ing both output beams to the original energy of the arriving beam. It turned
out that the space restriction is not a new restriction since the optical deter-
ministic computer presented in [27] has the same limitation (it has to represent
every possible configuration), and still is of practical interest for large (enough)
inputs.

As for energy one can propose to use the laser amplifier technology that is
currently integrated in fiber optics. In our case the amplifying method will be
applied to (prisms) surfaces instead of the fiber optic cable e.g., [T9120]. The delay
that is associated with the amplifying process is in the order of 10~ seconds, so
it will not influence the time required for the computation (in a polynomial path
of the computation). As for space, a 1 meter by 1 meter square can represent
10°% x 108 configurations. We note that one would prefer to replace the general
description of the non deterministic Turing machine, with a specific NP-complete
solver, such as 3-sat or TSP solver [27]. In this way the 10'? configurations may
be used in a more efficient way.

The machine will accept an input if a beam arrives to the accepting state
and will reject an input iff following a predefined time bound (polynomial in the
input) elapses without reaching the accepting state (or no beam exists, due to
loops in the same set of configurations).

Next we elaborate on a few specific issues concerning the construction.

Universal Non-deterministic Turing Machine. We assume that a given
non-deterministic Turing machine have a single working tape and a limited non-
deterministic choice fanout of 2. Any state transition will contain two possible
non-deterministic choices, and the non-deterministic machine will choose the cor-
rect state transition to reach an accepting configuration if such a choice exists. A
universal non-deterministic Turing machine U will simulate a non-deterministic
machine /N in much the same manner as a deterministic universal machine sim-
ulates a deterministic Turing machine. The difference being; Upon reaching a
state transition with two possible non-deterministic choices, U will make a non-
deterministic choice to simulate the choice made by N, it will then proceed with
the simulation as if N had made that choice.

Universal non-deterministic simulation incurs the same time factor as deter-
ministic simulation, assuming U uses two tapes it will incur a runtime factor
linear in the size of the encoding of the simulated machine i.e., simulating a
universal non-deterministic machine is greater by a factor of the length of the
machine encoding.
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3 Complexities

Time Complexity. An optical Turing machine computes some computation
C in f(n) time where n is the size of the encoded problem (input) z, if C(x)
is computed by the passage of the ray through no more than f(n) obstacles.
Since a Turing machine time is computed as the number of steps the machine
makes, each step corresponding to a transition through some state, and each
state transition in the optical machine corresponds to passage through a constant
bounded number of obstacles, Turing time complexity is bounded by a constant
factor of optical time complexity.

Space Complexity. As noted in [27] the configuration of the optical ‘tape’ is
defined by the relative location of the beam of light to the I/O windows in each
state.

Let W be the size of the I/O windows in the optical machine, and let V' be
the size of the minimal distance between two locations of the beam of light in a
single computation. Then we can define an optical Turing machine to compute
some function C in f(n) space where n is the size of the encoding of the problem
input, if W/V is bounded by f(n).

In general, the precision ratio is exponentially smaller than the number of bits
capable of representing. It seems possible to improve this restriction to a much
tighter bound for representing computational memory space.

Energy Complexity. We define an energy unit as the minimal energy of the
beam needed to pass in the expected manner through an obstacle, or to be
sensed by an optical sensor. We assume that any splitting of the beam into
separate beams or any passage through some obstacle incurs a constant fraction
reduction of the energy of the incoming beam for splitting beams and passing
through obstacles. We also assume negligible energy loss due to heat, friction,
and other physical aspects.

We define the energy complexity of an optical Turing machine to be the mini-
mal energy required for the input beam to be sensed by the output sensors. It is
evident that Nenergy(C') is exponential in time for non-deterministic machines.
This is due to the fact that every non-deterministic choice is likely to reduce the
energy of the incoming beam into two outgoing beams of approximately half the
original beam’s energy.

The above considerations for complexity result Ntime(C) = Opticaltime(C')
for any computation C, in exchange we pay exponential price in energy and
space.

4 Writable Holographic Memory

The fact that each beam represents a computation path, and the fact that all
computation paths should propagate simultaneously, imply the need to simulta-
neously represent all the leaves of the computation. The number of computation
paths can be doubled in every step, thus, the computation tree obey the binary
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tree structure with a total number of nodes that is almost twice the number of
leaves. Thus, the use of a writable (possibly holographic [I]) memory may save
space (dedicated to representing previous time steps in [9]) that is proportional
to half of the computation tree, hence saving a factor of two.

Another aspect in using writable memory is the possibility to use digital rep-
resentation of information which is proven to exponentially reduce the required
memory. In the scope of our concurrent exhaustive search there is a need to
represent each possible path of computation at the same time without compar-
ing intermediate Turing Machine configurations. Therefore a use of a single bit
(location in memory) to represent a configuration is minimal.

5 Conclusion

Our results show that it is possible to compute any non-deterministic computa-
tion using optical computing in time proportional to that of a non-deterministic
Turing machine. In the scope of exhaustive search as suggested in [9], the use
of digital representation turned to be less significant than it is in the scope of
current computer architectures.

Acknowledgments. We thank John H. Reif for his helpful remarks.

References

1. Curtis, K.: Holographic Storage Tutorial. In: Phase Technologies (2009)

2. Anter, A., Dolev, S.: Optical Solution for Hard in Average #P-Complete Instances
(Using Exponential Space for Solving Instances of the Permanent). In: Proc. of
the 12th IEEE Meeting on Optical Engineering and Science in Israel, 2nd OASIS
(March 2009)

3. Caulfield, H.J.: Space-time complexity in optical computing. In: SPIE Optical
information-processing systems and architectures II, vol. 1347, pp. 566-572 (1990)

4. Dolev, S., Fitoussi, H.: Primitive Operations for Graph-Optical Processor. In: 6th
Haifa Workshop on Interdisciplinary Applications of Graph Theory, Combinatorics,
and Algorithms (May 2006)

5. Dolev, S., Fitoussi, H.: The Traveling Beams: Optical Solutions for Bounded NP-
Complete Problems. Technical report #07-04, Ben Gurion University of the Negev.
A journal version will appear in Theoretical Computer Science (January 2007)

6. Dolev, S., Fitoussi, H.: The Traveling Beams: Optical Solutions for Bounded NP-
Complete Problems. In: Crescenzi, P., Prencipe, G., Pucci, G. (eds.) FUN 2007.
LNCS, vol. 4475, pp. 120-134. Springer, Heidelberg (2007)

7. Dolev, S., Fitoussi, H.: Black Boxes and Rays, Optical Solutions for Bounded In-
stances of the Hamiltonian Path Problem. In: 7th Haifa Workshop on Interdisci-
plinary Applications of Graph Theory, Combinatorics, and Algorithms (May 2007)

8. Dolev, S., Leshem, 1., Shapira, S., Fitoussi, H., Shaked, N.T.: Optical implementa-
tion of a microprocessor for solving the Hamiltonian-path problem. In: The 11th
Meeting on Optical Engineering and Science in Israel (OASIS) (March 2007)

9. Dolev, S., Nir, Y.: Optical implementation of bounded non-deterministic Turing
machines. US Patent 7,130,093 B2, January 2005, Field May 2004, Field in Israel
May 2003



54

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

S. Dolev and Y. Nir

Dubash, M.: Moore’s Law is dead, says Gordon Moore, Techworld (April 13, 2005),
http://www.techworld.com/opsys/news/index.cfm?NewsID=3477

Feitelson, G.: Optical Computing: A Survey for Computer Scientists. MIT Press,
Cambridge (1988)

Fitoussi, H.: The Traveling Beams: Optical Solutions for Bounded NP-Complete
Problems. In: Summer School on Algorithmic Data Analysis (SADA 2007),
Helsinki, Finland (2007); Poster Presentation

Garey, M.R., Johnson, D.S.: Computers and Intractability, a guide to the theory
of NP-completeness. W. H. Freeman and Company, San Francisco (1979)
Goswami, D.: Optical Componenets and Storage Systems. Resonance 8(6), 56-71
(2003)

Haist, T., Osten, W.: An Optical Solution For The Traveling Salesman Problem.
Opt. Express 15, 10473-10482 (2007)

Hyman, A.. Charles Babbage: Pioneer of the Computer. Princeton University
Press, Princeton (1982)

Optochip green optical network technology,
http://www-03.ibm.com/industries/media/us/detail/news/
H255927V64727A97 .html

Kash, J.A.: Internal optical interconnects in next generation high performance
servers. In: IEEE Conference on Avionics Fiber-Optics and Photonics, pp. 29-30
(2005)

http://www.photonics.com/Spectra/NewProds/jun02/fAmp.ps
http://www.globalspec.com/ProductFinder/Optics Optical Components/
Fiber Optics) the Fiber Optic Amplifiers link

Lenslet LTD,
http://www.hpcwire.com/hpcwire/hpcwireWww/03/1017/106185.html,

use http://www.archive.org

McAulay, A.D.: Optical computer architectures. John Wiley, Chichester (1991)
Naughton, T.J.: A model of computation for Fourier optical processors. In: Proc.
of SPIE, Optics in Computing, vol. 4089, pp. 24-34 (2000)

Oltean, M.: A light-based device for solving the Hamiltonian path problem. In:
Calude, C.S., Dinneen, M.J., Paun, G., Rozenberg, G., Stepney, S. (eds.) UC 2006.
LNCS, vol. 4135, pp. 217-227. Springer, Heidelberg (2006)

Oltean, M., Muntean, O.: Solving the subset-sum problem with a light-based de-
vice. Natural Computing (2007) (to appear)

Reif, J.H., Tyagi, A.: Efficient parallel algorithms for optical computing with dis-
crete Fourier transform (DFT) primitive. Applied optics 36(29), 7327-7340 (1997)
Reif, J.H., Tygar, D., Yoshida, A.: The Computability and Complexity of Optical
Beam Tracing. In: 31st Annual IEEE Symposium on Foundations of Computer
Science, pp. 106-114 (1990); The Computability and Complexity of Ray Tracing.
Discrete and Computational Geometry 11, 265-287 (1994)

Rong, H., Liu, A., Jones, R., Cohen, O., Hak, D., Nicolaescu, R., Fang, A., Paniccia,
M.: An all-sillicon Raman laser. Nature 433, 292-294 (2005)

Shaked, N.T., Messika, S., Dolev, S., Rosen, J.: Optical Solution for Bounded NP-
Complete Problems. In: A poster in the Bi-National (Israeli-Italian) Workshop on
Optronics, I1-1t-Opt (2005); Proc. of SPIE Symposium on Optics & Photonics the
Optical Information Systems IV Conference. San Diego, August 2006, vol. 63110G-
1 (2006); Journal version, Journal of Applied Optics. 46(5), 711-724 (February
2007)


http://www.techworld.com/opsys/news/index.cfm?NewsID=3477
http://www-03.ibm.com/industries/media/us/detail/news/H255927V64727A97.html
http://www-03.ibm.com/industries/media/us/detail/news/H255927V64727A97.html
http://www.photonics.com/Spectra/NewProds/jun02/fAmp.ps
http://www.globalspec.com/ProductFinder/Optics_Optical_Components/Fiber_Optics
http://www.globalspec.com/ProductFinder/Optics_Optical_Components/Fiber_Optics
http://www.hpcwire.com/hpcwire/hpcwireWWW/03/1017/106185.html
http://www.archive.org

30.

31.

32.

33.

34.

Optical Designs for Non-deterministic Turing Machines 55

Shaked, N.T., Simon, G., Tabib, T., Messika, S., Dolev, S., Rosen, J.: Optical Bi-
nary Matrix Synthesis for Solving Bounded NP-complete Combinatorial Problems.
Journal of Optical Engineering 46(10), 108201 (2007)

Shamir, A., Tromer, E.: Factoring Large Numbers with the TWIRL Device. In:
Boneh, D. (ed.) CRYPTO 2003. LNCS, vol. 2729, pp. 1-26. Springer, Heidelberg
(2003)

Tamir, D., Shaked, N., Wilson, P., Dolev, S.: Electro-Optical DSP of Tera Opera-
tions per Second and Beyond. Journal of the Optical Society of America A, JOSA
(2009); special feature on Optical High-Performance Computing

Woods, D.: Optical Computing and Computational Complexity. In: Calude, C.S.,
Dinneen, M.J., Paun, G., Rozenberg, G., Stepney, S. (eds.) UC 2006. LNCS,
vol. 4135, pp. 27—40. Springer, Heidelberg (2006)

Woods, D., Gibson, J.P.: Lower Bounds on the Computational Power of an Op-
tical Model of Computation. In: Calude, C.S., Dinneen, M.J., Paun, G., Jesus
Pérez-Jimenez, M., Rozenberg, G. (eds.) UC 2005. LNCS, vol. 3699, pp. 237—
250. Springer, Heidelberg (2005); Journal version. Natural Computing 7(1), 95-108
(2008)



Evolutionary Design of Graph-Based Structures
for Optical Computing

Mihai Oltean and Oana Muntean

Department of Computer Science,
Faculty of Mathematics and Computer Science,
Babeg-Bolyai University, Kogalniceanu 1,
Cluj-Napoca, 400084, Romania
{moltean,oanamuntean}@cs.ubbcluj.ro
http://www.cs.ubbcluj.ro/~moltean/optical

Abstract. Designing optical devices for solving NP-complete problems
is a difficult task. The difficulty consists in constructing a graph which -
when traversed by light - generates all possible solutions of the problem
to be solved. So far only few devices of this type have been proposed. Here
we suggest the use of evolutionary algorithms for solving this problem:
the graphs are generated using a special Genetic Programming approach.
We have tested our idea on the subset sum problem. Numerical experi-
ments shows the effectiveness of the proposed approach.

Keywords: evolutionary algorithms, genetic programming, optical com-
puting, unconventional computing, NP-complete.

1 Introduction

The purpose of this reseach is to asses the usefulness of Evolutionary Algorithms
(EAs) [BII2120] for designing graph-based devices for delay-based optical com-
puting systems.

A common feature of all these devices is the fact that the signals are delayed by
a certain amount of time. The existence of a solution is determined by checking
whether there is at least one signal which was delayed by a precise amount of
time. If we don’t find a signal at that moment it means that the problem has no
solution.

The difficulty of this approach resides in the design of a delaying system such
that the solution can simply be read at an exact moment of time [25]. Up to now
these graphs have been manually designed for only few problems: Hamiltonian
path [BIEQITOI2TI22], Travelling Salesman problem [BIGIIIT0], subset sum [6G123],
Diophantine equations [T6/I8], Exact Cover [24], Clique [56], Vertex Cover [56],
3-Sat [5l6], 3D-matching [Bl6], the unbounded subset sum [I7] and Ricochet
Robot [11].

Here we use a Genetic Programming [I2] variant called Multi Expression
Programming (MEP) [20126] for automatic generation of graphs fitting the re-
quirements imposed by the optical computing. Each MEP chromosome encodes

S. Dolev and M. Oltean (Eds.): OSC 2009, LNCS 5882, pp. 56-[69] 2009.
© Springer-Verlag Berlin Heidelberg 2009
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a possible solution for the problem. Each gene of the chromosome represents
a node of the graph together with its neighbors and associated delays. When
the evaluation of individuals takes place, all possible paths for the signal are
generated.

Offspring obtained by crossover and mutation are always syntactically cor-
rect MEP individuals. Thus, no extra processing for repairing newly obtained
individuals is needed.

We exemplify our approach by evolutionary designing the graph for the subset
sum problem [723]. For this purpose we have performed several numerical ex-
periments with various settings for our evolutionary algorithm. Instances up to
4 numbers in the set have been successfully tackled with reasonable populations
and number of generations.

The paper is organized as follows: Section 2] describes some basic principles
of delayed based optical devices. Section [ contains a short description of the
subset sum problem. The graph where the light is running to form a solu-
tion is described in section @l Section [ contains a brief description of Evolu-
tionary Algorithms and Genetic Programming. Next section (@) gives a short
description of standard Multi Expression Programming. Section [0 deeply de-
scribes the proposed evolutionary system. It contains details about the rep-
resentation, initialization, genetic operators and fitness function. Several
numerical experiments are performed in section Section [ concludes our

paper.

2 The Manually Designed Optical Devices

This section describes some elements behind the delay-based optical devices used
for solving NP-complete problems. For more information the reader is asked to
read the following papers: [23/25].

The idea is based on two properties of light (signal):

— The speed of light has a limit. We can delay the ray by forcing it to pass
through an optical fiber cable of a certain length.

— The ray can be easily divided into multiple rays of smaller intensity/power.
Beam-splitters are used for this operation.

The optical devices have a graph like structure. Generally speaking one operation
is performed when a ray passes through a node and one operation is performed
when a ray passes through an edge.

— When passing through an arc the light ray is delayed by the amount of time
assigned to that arc.

— When the ray is passing through a node it is divided into a number of rays
equal to the external degree of that node. Each obtained ray is directed
toward one of the nodes connected to the current node.
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3 The Subset Sum Problem

We exemplify our idea with a classic NP-complete problem: the subset sum [7]
which can be simply stated as:

Given a set of positive numbers A = {aj,as,...,a,} and another positive
number B. Is there a subset of A whose sum equals B?

We focus our attention on the YES / NO decision problem. We are not inter-
ested in finding the subset generating the solution. Actually we are interested to
find only if such subset does exist.

4 The Graph for the Subset Sum

The most important part of the device is the graph which - when traversed by
light - generates all possible solutions for the problem.

In the current case that we analyze (the subset sum problem) numbers from
the given set A represent the delays induced to the signals (light) that passes
through the device. For instance, if numbers a1, a3 and a; generate the expected
subset, then the total delay of the signal should be a; + as + ar.

Thus our graph is composed of a set of nodes and a set of arcs whose length
are taken from the given set A. We also need arcs of 0 lengths whose purpose is
to avoid the use of a given number from the initial set.

Such device [23] is depicted in Figure [[I A light ray sent to start node will
have the possibility to either traverse a given arc (from the upper part of figure)
or to skip it (by traversing the arc of length 0 from the bottom of figure).

In each node (but the last one) a beam-splitter is placed which will split a ray
into 2 subrays of smaller intensity.

The device will generate all possible subsets of A. Each subset will delay one
of the rays by an amount of time equal to the sum of the lengths of the arcs in
that path.

In the graph depicted in Figure [l the light will enter in Start node. It will
be divided into 2 subrays of smaller intensity. These 2 rays will arrive into the
second node at moments a7 and 0. Each of them will be divided into 2 subrays
which will arrive in the 3"¢ node at moments 0,a1,a2,a1 + as. These rays will
arrive at no more than 4 different moments.

In the destination node the rays arrive at no more than 2" different moments.
The ray arriving at moment 0 means the empty set. The ray arriving at moment
a1 + as + ... + a, represents the full set. If there is a ray arriving at moment B
means that there is a subset of A of sum B.

5 Evolutionary Algorithms and Genetic Programming

Evolutionary Algorithms (EAs) [8] are approximation tools for solving difficult
real-world problems. They were developed under the pressure generated by the
inability of classical (mathematical) methods to solve some real-world problems.
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Fig. 1. The device for the subset sum problem. Each subset of A is generated. Skipping
arcs have 0 lengths. We have also depicted the moments when different rays arrive in
nodes. The moments are represented as sets because they might not be distinct.

Many of these unsolved problems are (or could be turned into) optimization prob-
lems. Solving an optimization problem means finding of solutions that maximize
or minimize a criteria function [20].

One of the most important algorithms belonging to this class is Genetic
Programming (GP) [I2II3I14]. Genetic Programming is widely known as the
technique which writes computer programs. Instead of evolving solutions for a
particular problem instance, GP is mainly intended for discovering computer
programs able to solve classes of problems.

Many variants of GP have been proposed in the recent years. Their aims were
various: simpler implementation, higher speed, smaller memory requirements,
the capability of working with particular hardware architectures etc. Another
motivation is given by the problems where some representations work better
than the others [26].
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One of the GP variants is Multi Expression Programming (MEP) [20026].
This technique will be used in this paper for performing several numerical ex-
periments. In the next section we briefly describe standard Multi Expression
Programming and then we modify it for adapting it to our current purpose.

6 Multi Expression Programming

Multi Expression Programming (MEP) [20] is a Genetic Programming variant
that uses a linear representation of chromosomes. MEP individuals are strings
of genes encoding complex computer programs.
When MEP individuals encode expressions, their representation is similar to
the way in which compilers translate C' or Pascal expressions into machine code.
An example of chromosome C' using the function set F' = {+, *} and the set
of terminals T = {a, b, ¢, d} is given below:

4,5
:* 3,5
2,6

B I

_|_

A unique MEP feature is the ability of storing multiple solutions of a problem in
a single chromosome. What we have encoded in chromosome C' are the following
expressions:

Elza

Ey =0

E4:C
FEs=d
Fs=a+b
E6:C+d
E7:(a+b)*d
Eg =bx(c+d)

Usually, the best solution is chosen for fitness assignment. When solving sym-
bolic regression or classification problems (or any other problems for which the
training set is known before the problem is solved) MEP has the same complexity
as other techniques storing a single solution in a chromosome.

Evaluation of the expressions encoded into a MEP individual can be performed
by a single parsing of the chromosome.

Offspring obtained by crossover and mutation are always syntactically correct
MEP individuals (computer programs). Thus, no extra processing for repairing
newly obtained individuals is needed.
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There are 2 main differences between GP and MEP. First of all MEP encodes
multiple solutions instead of one and secondly, MEP uses a linear representa-
tion while GP has a tree based representation of solutions. Linear encoding of
computer programs means that we usually work with arrays of fixed or variable
lengths. Specifically:

1. we generate arrays of instructions, having a particular meaning,

2. we recombine them by using string-based crossover operators such as those
from binary encoding (such as one-cutting point, two cutting points, uniform
recombination etc.) [§],

3. we mutate them using operators inspired from the binary encoding or from
other representations [J].

7 The Proposed MEP-Based Approach

Here we deeply describe the proposed evolutionary approach. We have made
several modifications to standard MEP in order to make it suitable for our
purpose.

7.1 Representation

MEP genes are strings of a variable length. The number of genes per chromosome
is fixed. This number defines the length of the chromosome. Even if this number
if fixed we still can have solutions of variable length because usually not all genes
are utilized.

Each gene represent a node and stores the arcs leaving that node (the adja-
cency list) and the length for those arcs.

Cycles can appear in this structure because there is no restriction on why
what kind of nodes appear in the adjacency list. This makes the fitness function
computationally expensive and difficult to compute.

There is still one natural restriction: a node cannot appear multiple times in
the adjacency list of another node. A node may appear in its own adjacency list.

Example
Consider a representation where the numbers on the left positions stand for gene
labels. Labels do not belong to the chromosome. They represent the node index.

Since all nodes are identical (contain a beam splitter) we don’t need a function
set as in the standard MEP.

The set of terminals is made of a set of nodes and the possible lengths for the
arcs connecting the current node with node from its adjacency list.

Suppose that we deal with a problem with a set of 4 numbers: A =
{a1,a2,a3,a4}. In this case the terminal set could be:

T = {1,2,3,...,a1,a2,a3,a4,0}, where 1,2,3,... are the nodes and
ai,as,as,aq,0 are the arcs’ length. The number of nodes employed by our so-
lution is not known the beginning. The maximal number of nodes is equal the
chromosome length. We do provide a large initial chromosome length.
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The length of each arc is given right after a node.

Choosing the length for each arc is a difficult task. For some problems (such as
the subset sum) the lengths are taken directly from the problem’s input, but for
some other cases (take for instance the Hamiltonian path [21]) the lengths have
complicated formulas: 2™ — 2i, where 0 < 7 < n. In this case we also need to use
Genetic Programming for generating complex mathematical formulas. However,
for the case currently analyzed we will simplify this aspect by using only some
values taken from the problem input.

An example of chromosome C' is given below:

, a9, 5, 0
aq, 2,0
0

, a2, 2, aq, 5, as

L4, Qg

24, a4, 3,0

his chromosome must be interpreted as follows:

a65 a4

9

N = O W

1
2
3
4:
5
6:
T

— The maximal number of nodes in a solution is 6. However, any number
between 1 and 6 can be the actual solution since not all nodes must be used.

— Node 1 has 2 out nodes: 3 and 5. The arc (1,3) has length as and arc (1,5)
has length 0.

— Node 2 has 3 out nodes: 4, 2 and 6. The arc (2,4) has length aq, arc (2,2) has
length 0 and arc (2,6) has length as. Note here that 2 has an arc to itself.

— Node 3 has 1 out node: 6. The arc (3,6) has length 0.

— Node 4 has 3 out nodes: 1, 2 and 5. The arc (4,1) has length ag, arc (4,2)
has length a; and arc (4,5) has length as.

— Node 5 has 1 out node: 2. The arc (5,2) has length ay.

— Node 6 has 2 out nodes: 4 and 3. The arc (6,4) has length a4 and arc (6,3)
has length 0.

As explained in section [ each device has a start node and a destination node.
In our case the start node is node 1 and the destination node will be computed
during the fitness evaluation.

7.2 Initialization

Generation of chromosomes is done randomly. For each node we randomly choose
the number of nodes in its adjacency list and then we randomly generate each
node in the list. After each node we randomly choose the length of the arc
connecting that node with its predecesor.

7.3 Fitness Assignment

During fitness evaluation we compute how good the current chromosome is.
For the subset sum problem which is investigated here we want to generate
all possible subsets of the given set.
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A perfect solution is that one which contains a destination node in which
arrive delayed rays encoding all subsets of the given set. A less perfect solution
is the one for which not all subsets are generated. This is why a natural way to
define the fitness is to count how many subsets have been generated. 2™ is the
best fitness possible while 0 is the worst fitness possible.

For computing the fitness we have no choice but to simulate the signal passing
through the device. Of course, this operation requires an exponential amount of
memory because the number of signals grows exponentially. Partial results are
stored similarly with Dynamic Programming [3].

Also, for each signal we have to store its entire path. When the signal is
divided by the beam-splitters each subsignal will inherit the information carried
by its parent signal.

Because we want to limit the amount of computer resources involved in this
operation we have imposed the following constrains:

— When the total delay of a given signal exceeds a certain threshold we stop
propagating that signal. In the case of the subset sum problem we stop when
the delay of a signal is larger than B. It makes no sense to continue since we
are interested only in finding a subset of sum B.

— Because we allow arcs of length 0, we can have a huge number of divisions
of the signal without increasing the total delay of that signal. In this case
we have imposed a limit on the total number of divisions that a signal can
have.

The problem now is which node will be the destination node. There is neither
practical nor theoretical evidence that one of the nodes is better than the others.
Moreover, Wolpert and McReady [30] with their well known theorems for No
Free Lunch for Search and Optimization proved that we cannot use the search
algorithm’s behavior so far for a particular test function to predict its future
behavior on that function.

Preserving the MEP basic-idea with multiple solutions in the same chromo-
some we say again that the fitness of the entire chromosome is set as the fitness
of the best solution encoded by that chromosome. In our case the fitness is given
by the best destination node (in which arrive the highest number of signals en-
coding subsets of A) in that device. There is no extra cost of doing that because
when the signal was propagated through the graph it is propagated through all
reachable nodes.

Note that if some other signals not encoding subsets arrive in a node, the
quality of that node is decreased correspondingly. Thus, we can have negative
fitnesses too.

In is obvious that some parts of a MEP chromosome are not used. Some GP
techniques, like Linear GP, remove non-coding sequences of chromosome during
the search process. As already noted ] this strategy does not give the best
results. The reason is that sometimes, a part of the useless genetic material has
to be kept in the chromosome in order to maintain population diversity.
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Other techniques such as Cartesian GP (CGP) [I5] employ a different strategy
for selecting the nodes which provide the output: they simply evolve these nodes as
part of the chromosome. This is also good, but during numerical experiments we
have noticed that selecting the best solution found works better than evolving it.

7.4 Search Operators

The search operators used within MEP algorithm are crossover and mutation.
These search operators preserve the chromosome structure.

Crossover. By crossover two parents are selected and are recombined.
Two variants of recombination have been considered and tested within our
MEP implementation: one-point recombination and uniform recombination.

One-point recombination

One-point recombination operator in MEP representation is similar to the corre-
sponding binary representation operator. One crossover point is randomly cho-
sen and the parent chromosomes exchange the sequences at the right side of the
crossover point.

Example

Consider the parents C; and Cy given below. Choosing the crossover point after
position 3 two offspring, O and O, are obtained as given in Table [

Table 1. MEP one-point recombination

Parents Offspring

Ch Cs O1 0>

1: 3, a2, 5,0 1: 2,0 1: 3, a2, 5,0 1: 2,0
2:4,a,2,0,6,a4 2:3 a2 1,0 2:4,a,2,0,6,as 2:3 a2, 1,0

3:6,0 3: 6, a1 3:6,0 3: 6, a1

4: 1, az, 2, a1, 5, ag 4: 4, as, 2, a1, 1, aa 4:4,a2, 2, a1, 1,a2 4:1, as, 2, a1, 5, a3
5: 2, ag 5: 5, a4 5: 5, as 5: 2, ag

6: 4, a4, 3,0 6: 1, ag 6: 1, a3 6: 4, a4, 3,0

Uniform recombination
During the process of uniform recombination, offspring genes are taken randomly
from one parent or another.

Example
Let us consider the two parents C; and Cy given below. The two offspring O,
and Oy are obtained by uniform recombination as given in Table 2l

Mutation. Each symbol in the chromosome may be the target of the mutation
operator. Some symbols in the chromosome are changed by mutation.
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Table 2. MEP uniform recombination

Parents Offspring

4 Ca O O2

1: 3, a2, 5,0 1: 2,0 1: 3, a2, 5,0 1: 2,0
2:4,a,2,0,6,as 2:3,a2,1,0 2:3,a2, 1,0 2: 4, a1, 2, 0, 6, a4
3:6,0 3: 6, a1 3: 6, a1 3:6,0

4: 1, az, 2, a1, 5, ag 4: 4, az, 2, a1, 1, a2 4:4, a2, 2, a1, 1,a2 4:1, as, 2, a1, 5, a3
5: 2, ay 5: 5, aq 5: 2, ag 5: 5, aq

6: 4, a4, 3,0 6: 1, a3 6: 1, a3 6: 4, a4, 3,0

The number of nodes in the adjacency list of each node can be changed. Also
the length associated to each arc can be changed.

Example
Consider the chromosome C' given below. If the boldfaced symbols are selected
for mutation an offspring O is obtained as given in Table

Table 3. MEP mutation

C (0]

1: 3, a2, 5,0 1: 3, a2, 5,0, 4, a1
2:4, a1, 2,0, 6, as 2: 4, a1, 2, as
3:6,0 3:6,0

4: 1, az, 2, aq, 5, a3z 4: 1, az, 2, as, 5, a3z
5: 2, aq 5: 2, a4, 1, as

6: 4, a4, 3,0 6: 4, a4, 3,0

7.5 MEP Algorithm

Standard MEP algorithm uses steady-state evolutionary model [29] as its un-
derlying mechanism.

The MEP algorithm starts by creating a random population of individuals.
The following steps are repeated until a given number of generations is reached:
Two parents are selected using a standard selection procedure. The parents are
recombined in order to obtain two offspring. The offspring are considered for
mutation. The best offspring O replaces the worst individual W in the current
population if O is better than W.

The variation operators ensure that the chromosome length is a constant of
the search process. The algorithm returns as its answer the best solution evolved
along a fixed number of generations.
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The standard MEP algorithm is outlined below:
Standard MEP Algorithm

S1. Randomly create the initial population P(0)
S,. for t = 1 to Max Generations do

Ss.  for k =1to |P(t)] /2 do
Sy. p1 = Select(P(t)); // select one individual from the current population
Ss. p2 = Select(P(t)); // select the second individual
Sé. Crossover (p1, p2, 01, 02); // crossover the parents p; and ps
// the offspring 01 and o2 are obtained
Sr. Mutation (01); // mutate the offspring o4
Ss. Mutation (02); // mutate the offspring o2
So. if Fitness(o1) > Fitness(o2)
S10. then if Fitness(o1) > the fitness of the worst individual
in the current population
Si1. then Replace the worst individual with oq;
S1o. else if Fitness(o2) > the fitness of the worst individual
in the current population
Si3. then Replace the worst individual with oo;
Sia. endfor
Si5. endfor

8 Numerical Experiments

In this section we perform several numerical experiments for evolving graph
structures for optical computing devices. Subset sum problem with sets of 3 and
4 numbers are used. For larger sets we can design a solution by generalizing from
the smaller sets.

The parameters of the MEP algorithm are given in Table

We have performed 30 independent runs with different seeds because evolu-
tionary algorithms use random numbers and a single run is not conclusive.

Table 4. The parameters for the MEP algorithm used for discovering solutions for the
subset sum problem with 3 and 4 numbers

Parameter Value

Population size 500

Number of generations 50

Chromosome length 8

Maximal divisions allowed per signal 10

Mutation probability 0.2

Crossover type Uniform

Crossover probability 0.9

Selection Binary tournament

Number of runs 30
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For the subset sum problem with 3 nodes the success rate was 90%. That is in
27 out of 30 runs we have obtained a perfect solution (all 23 subsets have been
generated in the destination node).

For the subset sum problem with 4 nodes the success rate was 36%. That is
in 11 out of 30 runs we have obtained a perfect solution (all 2¢ subsets have
been generated in the destination node). It is obvious that the difficulty of the
problem will increase as the size of the set increases.

In almost all cases the standard design (see Figure[ll) was obtained. However,
in some particular runs, some other strange designs were obtained (which are not
presented here due to the space limitation). We expected to obtain such designs
because usually the evolution can follow a path which is not always the logical
one. However, the strange designs were not as efficient (in the number of nodes
and arcs) as the standard design. This is why we have not focused too much on
analyzing them.

9 Conclusions and Future Work

Here we have used evolutionary algorithms as an automatic tool for designing

graphs for optical delay-based systems. Numerical experiments have shown good

results for several small instances of the subset sum problem. Large instances

can be easily solved by generalizing the design obtained in the experiments.
Further work directions are focused on:

— Improving the speed of MEP by using Sub Machine Code GP [27I28]. Exper-
iments performed in [27] have shown that speed of GP was increased more
than 1 order of magnitude. This will help us to solve larger instances of the
problem.

— Improving the search by using Automatically Defined Functions (ADFs) [13].
This will help us to solve larger instances due to the generalization ability
of ADFs.

— Using Genetic Programming for generating the length of arcs required by
the device. Some other problems, such as the Hamiltonian path, use complex
formulas for expressing the length based on the values given as input.

— Analyzing the relationship between the success rate and different parameters
of the algorithm (such as the population size, number of generations, search
operators probability etc). This could help us to solve larger instances of the
problem.
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Abstract. We propose a new way for computing a solution to the sub-
set sum problem. Here, we use a special computational device which uses
light ray. The device has a graph-like representation and the light tra-
verses it by following the routes given by the connections between nodes.
Our device can solve the subset sum decision problem as well as can
compute a solution instance for it.

1 Introduction

One of the interesting areas in computer science research is to explore unconven-
tional methods to solve various problems. Different problems that are hard to
solve efficiently in conventional methods, have received significant attention in
the literature from this point of view and hence a number of unconventional ap-
proaches have been explored. Example of these unconventional methods include
DNA computing [1], Quantum computing [2], Soap bubbles [34], Gear-based
computers [B], Adiabatic algorithms [6] etc. Optical computing is another in-
teresting and exciting avenue for research in this regard. Various properties of
light enables us to solve some real world problems more easily than conven-
tional electric based counterparts. To the best of our knowledge, the idea of
using light instead of electric power to perform computations dates back to 1929
when G. Tauschek obtained a patent on Optical Character Recognition (OCR)
in Germany [7]. Later various researchers have used the properties of light to
achieve faster solutions to problems than is possible in conventional comput-
ers. An example is the n-point discrete Fourier Transform Computation which
can be performed in only unit time [8[9]. Quite recently, an important practical
step was taken by the Intel researchers who developed the first continuous wave
all-silicon laser using a physical property called the Raman Effect [TOTTIT2IT3].

Very recently, a number of researchers have suggested light-based devices to
solve combinatorially interesting problems. Most of the problems handled in
this way are hard to solve in the conventional computing paradigm and are

S. Dolev and M. Oltean (Eds.): OSC 2009, LNCS 5882, pp. 70-{76] 2009.
© Springer-Verlag Berlin Heidelberg 2009



Computing a Solution for the Subset Sum Problem 71

categorized as NP-Complete or NP-Hard problems. For example, a system which
solves the Hamiltonian Path problem (an NP-Complete problem [I4]) using light
and its properties has been proposed in [I5]. Similar system was devised in [16]
and [I7] to solve the Exact Cover Problem and the subset sum problem as a
decision problem respectively, both of which are NP-Complete problems [14].

The quest for optical solutions by no means is confined only on NP-Complete
and/or NP-Hard problems. A number of interesting polynomial-time solvable (in
conventional computing) problems have been investigated from this point of view
as well. For example, in [I8], the physical concept of refraction and dispersion of
light have been cleverly explored to solve the sorting problem. An stable version
of this sort, known as the Rainbow Sort, has been proposed in [19]. Very recently,
solutions to the string matching problem has also been proposed [20] using light
and optical filters for performing computations.

In this paper, we revisit the Subset Sum problem. The Subset Sum Problem is
NP-Complete and has been explored before from optical computing point of view
[177]. In [T7] the authors have given the solution for the corresponding decision prob-
lem of the subset sum problem. In [T7] it was posed as an open problem to efficiently
compute the solutions to the optimization version of the subset sum problem. In
this paper, we solve that open problem and present a way to compute a solution
of the problem efficiently. The paper is organized as follows. Section [ formally
defines and discuss about the subset sum problem. In Sections[3 proposed device
is presented. Finally we briefly conclude in in Section[1l

2 Subset Sum Problem

We start this section with a formal definition of the subset sum problem.
Problem 1. Subset Sum Problem

Instance: We are given a set of positive numbers A = {a1,as,...,a,} and an-
other positive number B.

Question: Is there a subset S of A such that the summation of the values of S
equals B

The problem belongs to the class of NP-complete problems [11]. No polynomial
time algorithm is known for it. In the paper [I7], the authors presented a light
based device to solve the Subset Sum problem efficiently. Notably, the device
presented in [I7] only can solve the problem as a decision problem; it doesn’t
have the capability to provide a solution. Indeed, the author pointed out in the
conclusion that designing a device with such capability should be explored as a
future research.

3 The Device

We design our device in a step by step manner. We start from the device proposed

in [I7] (Figure [I).
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a, a, a;

Start
Destination

0 0 0

Fig. 1. Each subset of A is generated, but this device cannot be implemented in practice
because we cannot have cables of length 0

The main two properties of light that are used in the device are listed below:

1. The speed of light has a limit and we can delay the ray by forcing it to pass
through an optical fibre cable of a certain length.

2. The ray can be easily divided into multiple rays of smaller intensity/power.
Beam splitters are used for this operation [21122].

As can be seen from the Figure [Il the device has a graph-like structure. The
following two simple operations are performed by the device.

1. When passing through an arc the light ray is delayed by the amount of time
assigned to the arc.

2. When passing through a node the light ray is divided into a number of rays
equal to the external degree of that node.

The basic idea of the system is as follows. The system is constructed in such
a way that if B = a1 + a4 + a5, then we must be able to sense a light ray at
the destination node at time a; + a4 + as. One problem is that, in reality, it
is not possible to have arcs (cables) of length 0. To overcome this problem, a
constant ¢ is added to the length of each cable. The schematic view of this device
is depicted in Figure [2 It is easy to realize that, now, at the destination will
have to sense a light array at moment B + n * ¢ instead of B.

4 The Modified Device

Recall that our goal is to provide a solution for the problem in addition to
the answer of the decision problem. In this section we will modify the device
accordingly. The main idea of the system is as follows. First we will find answer
for the corresponding decision version of the subset sum problem according to the
strategy of [I7] described in the previous section (Figure ). If the answer to the
question asked in the decision problem turns out to be positive, only then we will
compute the solution. Essentially, the new device would be a modification of the
device of Figure[2l In what follows, we will say that a problem instance is positive
if there exists a solution for that problem instance and negative otherwise.
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a,+ ¢ a,+ C a;+ C
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5 £
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Fig. 2. A schematic representation of the device used for solving an instance with 3
numbers. On each arc we have depicted its length. There are n cables of length ¢ and
n cables of length a; + ¢ (1 < i < n). This device does generate all possible subsets of
A and it can be implemented in practice.

Assume that for a particular positive problem instance, there is only one
subset S of A whose sum equals B. As there is a solution, in the device of
Figure 2l a ray will arrive at moment B + n * ¢ at the destination node. Now
we want to find out the subset S of A whose sum equals B. For this purpose,
we need to extend our device as illustrated in Figure Bl The value of f will be
such that f # a; for i = 1,2,..,n and a; + f # a; for ¢ = 1,2,3,...,n and
j=1,2,3,...,n. For instance we can take f = 0.5. Note that, in the modified
device we have added n — 1 new nodes v;,1 < i < n — 1. Now, to find out the
solution set S we have to execute the following algorithm. sequence of steps.
Assume that, B; = B and S = 0.

1. For each node v; where ¢ = 1,2,...,n — 1, do the following in sequence:

2. Send light ray from node v;

3. If there is a ray arriving at moment B; + (n—i+ 1) *xc+ f at the destination
node then a; € S. So, set S = S|Ja;; otherwise a; ¢ S.

4. Bi+1 =B, —a;ifa; € S, otherwise Bi+1 = B;.

31+C 82+C 83+C

Start
Destination

a,+c+f aFC+f

Fig. 3. Final version of the device
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After executing the above steps, if B,, # 0, then a,, € S and we set S = S an;
otherwise a,, ¢ S. Now we will give an proof that according to the strategy
stated above we can find out the subset whose sum equals B if only one such
subset exist.

Lemma 1. The device can find out the subset S of A whose sum equals B if
only one such subset exist.

Proof. First we prove that it is decided correctly whether a; € S or not. Assume
that a; € S. If a; € S, then, the ray which reach the destination of the device
of Figure 2] at moment B + n * ¢ use the arc with delay a; + ¢. In the modified
device (Figure [3)), the arc of delay a; + ¢ is basically replaced by an arc with
delay a1 + ¢+ f. Thus, when light is sent from node v, the ray will arrive at
the destination at moment B +n*c+ f. On the other hand, it is easy to realize
that if a; ¢ S, the light ray sent from node v; will arrive at the destination at
moment B + n * ¢; not at B+ n*xc+ f. This is ensured by the definition of f
and hence we can correctly decide whether a; € S or not.

Now, in general, once we are decided about a;, we adjust B;;1 accordingly
and hence we can apply the same strategy to decide about a;4; and hence the
result follows. O

4.1 Existence of More Than One Solution

In set A we have n numbers. There are 2" subsets of A, among them 2" — 1
are nonempty. Let, we have two subset S; and .S;. We will arrange the elements
of S; and S; such that if p < ¢, a, will appear before a4. Let, after sorting
Si =A{ai,, aiy, .., a;, } and S; = {a;,, aj,,..,a;,, }. S; will appear before S; in the
list if there is at least one 4; such that i, = j, forp=1,2,.../—1 and i, < j,. If
there is more than one subset of A whose sum equals B, our device will give the
subset which appear earlier in the list of the solution subsets listed according to
the stated strategy.

5 Physical Implementation

For implementing the proposed device the following components are required:

— a light source for the start node and each of node v; for i =1,2,..,n — 1.

— Beam-splitters for splitting a light beam into two light rays. Half silvered
mirror is a good example for beam-splitter.

— Optical fibers of various length.

— Light sensor at the destination node, which converts optical pulses to electric
signals. Photo diode is a good example for light sensor.

— Oscilloscope, a tool for detecting a fluctuation of power generated by photo
diode.
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6 Complexity

Number of node is of O(n) and number of subpath is of O(n). The ray encoding
the solution takes O(B + n * ¢) time to reach the destination node. So the over
all running time of the device is O(B * n + n?).

The intensity of the signal decreases exponentially with the number of nodes.
This is why the required power is proportional to 2".

7 Conclusion and Future Work

In this paper we have designed a light based device to solve the subset sum
problem and find out the solution set. Our device can find out one solution set
if more than one solution exist. Techniques to enumerate all the solution sets (if
more than one solution exist) may be investigated as future work.
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Abstract. The NP-complete is a class of complexity including many
real-world problems. Although many efforts made to find efficient solu-
tions to NP-complete problems, no such a solution having polynomial
complexity of used resources is found yet.

Optical computing, as a branch of unconventional computing, provides
new capabilities to solve NP-complete problems, using physical proper-
ties of light such as high parallelism nature of it. Some optical approaches
to solve NP-complete problems in efficient manner are already provided,
such as delaying the light motion, using optical masks, and using contin-
uous space machines. In this paper, a new optical approach, using wide
range of wavelengths exist in a light ray, is provided to solve the 3-SAT
problem, a well-known NP-complete problem, in polynomial time. Each
instance of the 3-SAT problem is a CNF-formula consisting m clauses
be composed of n boolean variables. The question is if there is a value-
assignment to the boolean variables which satisfies the formula or not. In
the method provided in this paper, wavelengths presented in a light ray
are considered as possible value-assignments to n variables. Basic opti-
cal devices such as prisms and mirrors are used to discriminate proper
wavelengths which satisfy the CNF-formal. The method uses exponential
size blocks to drop improper wavelengths, which may be constructed in
a preprocessing phase and be used in many 3-SAT problem instances.
After the preprocessing phase, the method takes O(m) time and expo-
nential number of different wavelengths in light rays to find the answer
of each 3-SAT problem instance.

Keywords: Optical Computing, Wavelength-Based Approach, NP-
Complete, 3-SAT Problem, Unconventional Computing.

1 Introduction

The 3-Satisfiability or 3-SAT problem is a classic NP-complete problem in the
complexity theory [I] having many real-world applications such as planning [2]
and model checking [3]. The important property of NP-complete problems is
that if one of them was solvable in polynomial time with a computational ma-
chine, then all NP problems will be also solvable in polynomial time. As many
important real-world problems belong to the NP class of complexity, the prob-
lem of solving NP-complete problems using efficient time (and other resources)
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has been investigated from many years ago, but no solution is found yet. In
the other words, no solution is found yet to solve any problem belonging to the
NP-complete class of complexity using polynomial amount of resources such as
time, space, and energy.

Optical computing or light based computing is a branch of unconventional
computing which uses the physical property of light to bring more computa-
tional capacity and performance. Many efforts have been performed to solve
NP-complete problems using light properties such as high velocity of light, high
parallel nature of light, and the ability to split a light ray into several rays.

The optical solutions to NP-complete problems can be classified according to
their approaches. In the first approach, some devices are arranged as a graph
and the light rays pass through vertices. The delays originated from passage
of the light through optical fibers are taken into consideration to calculate the
answer of problems. This approach is used to solve maximum clique problem
which belongs to the NP-complete complexity class [4] and is also used to solve
another NP-complete problem, named Hamiltonian path problem [5]. The sub-
set sum problem is another NP-complete problem which an optical device is
designed to solve [6] with similar approach. The NP-complete version of the
traveling salesman problem is also solved using a similar approach to the previous
works [7].

Another optical approach to solve NP-complete problems is to construct op-
tical masks in preprocessing phase, and using the masks to solve the problems
in efficient time [S[9UT0).

The third optical approach to solve NP-complete problems is to use continuous
space machine. Continuous space machine (CSM) is an abstract computational
machine designed relying on physical properties of the light. The machine im-
plements a continuous space memory, instead of conventional computers digital
memory [II]. Basic machine operations are defined according to Fourier op-
tics [I1] and some efforts are done to implement the machine [12]. It has been
shown that CSM simulates Turing machine and it is able to solve NP-complete
problems in efficient time [I3].

Although these efforts provide good results to get closer to efficient solutions
to NP-complete problems, but more efforts are needed yet to achieve efficient
optical solutions to NP-complete problems. In this paper, a new optical approach
to solve the 3-SAT problem in efficient time is provided. The approach uses
different wavelengths presented in a light ray to calculate the answer of the
problem. In section 2 a clear mathematical definition of the 3-SAT problem is
presented. In section [3] the proposed approach to solve the problem is explained.
The conclusion chapter, compares presented work to related works. Possible
future works are finally described in the section [l

2 Problem Definition

The 3-SAT problem is a combinatorial problem dealing with n boolean variables
Z1,...,ZTy. To define the problem precisely, first we define literals, clauses, CNF-
formula, and then we define the 3-SAT problem itself.
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A value-assignment for nvariables x1, . .., x, isafunctionv : {z1,...,2,} —
{0,1} which assigns a value “1” or “0” to each x; for 1 < i < n. For example
v(z1) =0, v(z2) = 1, v(x3) = 0 is a value-assignment for three variables.

A literal is a boolean expression which is a variable or negation of a variable
denoted by x; or x; respectively. Each literal in the form of z; (z;) for 1 <i<mn
is satisfied via a value-assignment v if and only if v(x;) =1 (v(z;) = 0).

A clause is a boolean expression in the form of disjunction of three literals
denoted by [, V I, V [, for some literals l,,l,, and l,,. For example, x1 V x3 V x4
is a clause. Each clause C = [, V [, V [, is satisfied by a value-assignment v if
and only if at least one of its literals l,,l,, and [,, satisfied by v.

A CNF-formula is a boolean expression in the form of conjunction of some
clauses. An example of CNF formula is F' = (z1 V2o V) A(xe Vae Vaes) A(zsV
x6 V 7). Each CNF-formula is satisfied by a value-assignment v if and only if v
satisfies all clauses of the CNF-formula.

Now we are ready to define the 3-SAT problem: An instance of the 3-SAT Prob-
lem is a CNF-formula called F'. The question is that “is there any value-assignment
satisfying F', given a CNF-formula?” If there is such a value-assignment, the answer
is “Yes”, otherwise “No”.

For example, consider a 3-SAT problem instance, having the example formula
mentioned above as the CNF-formula. It can be easily seen that the answer to
this problem is “Yes” and one of such value-assignment named v to satisfy the
formula is v(z1) = v(z2) = v(zs) = v(ze) = v(x7) = 1, and v(z4) = v(x5) = 0.

3 Wavelength-Based Method

To solve a given instance of the 3-SAT problem with n variables, a straight
forward way is to create all 2™ possible value-assignments for the variables, and
check them to find a proper value-assignment satisfying the 3-SAT formula.
This is a time consuming job in conventional computers, taking exponential
time to create and check all possible value-assignments. In this paper, we show
how to use light to create and check the proper value-assignment in an efficient
time. The main idea in the light based provided solution is that there may be
several wavelengths in a single light ray, which can be used as the possible value-
assignments. The operations on a single ray are applied on the all wavelengths
simultaneously, providing the ability to check all 2" value-assignments in an
efficient time.

The provided solution will be explained in three steps: 1) The mapping of
wavelengths presented in a single light ray to the value-assignments. 2) Optical
filter modules to obtain satisfying wavelengths for a boolean expression from a
light ray, and 3) Applying the optical filter modules to solve the 3-SAT problem.

3.1 Mapping the Wavelengths to the Value-Assignments

Consider a continuous spectrum light ray named R, such as the sun light or
halogen lamp light ray. The ray consists of different wavelengths, covering a
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Fig. 1. Obtaining light ribbon R, from light ray R using two prisms

continuous interval of wavelengths. When such a ray is passed through two prisms
as shown in Fig. [l a continuous spectrum is obtained. We call such a wide ray
of light a “light ribbon” denoted by R,,.

The wavelengths presented in the light ribbon can be mapped to the possible
value-assignments for the 3-SAT variables (In this paper, we consider a wave-
length interval for computation, which can be just a section of whole sun light
spectrum. The wavelengths out of this interval are not considered). Consider
each value-assignment for n variables as an n-digit binary number, which the
k-most significant digit is equal to the value assigned to kth variable. If the light
ribbon R, consisting of a continuous spectrum be divided into 2" section, the
wavelengths presented in the ith section are mapped to the value-assignment
associated to ith binary number. The mapping for n = 2 is shown in Fig.
Hence, each light ray including the wavelengths in a continuous spectrum in the
wavelength interval selected for the computation, contains all 2" possible value-
assignments, as the resulted light ribbon from passing a continuous spectrum
ray from the prisms will be continuous.

As the position of each wavelength after passing through the prisms is in-
dependent from existence of other wavelengths in the ray, each wavelength is

£y — O, )

Ty — "*: R 1

¥y = Lty — 1)

o] e K, 0y == |

Fig.2. Mapping the presented wavelengths in a light-ray R, to the possible value-
assignments to the 3-SAT variables for n = 2
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mapped to a value-assignment independently from the existence of other wave-
lengths in the ray.

Definition. Each wavelength w satisfies a literal [ if and only if the value-
assignment v mapped to w satisfies [.

3.2 Optical Filter Modules

In this section, we define optical filter modules (or OFMs) and see how to design
OFMs for different boolean expressions.

Optical Filter Module (OFM). Consider a boolean expression (such as a
literal, a clause, or a 3-SAT formula) 3. An optical filter module for f is a module
of optical devices, which for each light ray R consisting of some wavelengths, if
R be passed through the module, the wavelengths not satisfying 3 are dropped
from R. Hence, the output ray of the module contains exactly those wavelengths
of R satisfying 3. The filter module is denoted by m3 and the output ray is
denoted by mg(R). The general schema of an OFM is shown in Fig.

R T m5( 1) .-

Fig. 3. The general schema of an optical filter module for boolean expression

Literal OFMs. To design an OFM for a literal z; (z;), note that each wave-
length w in the light ray R satisfies x; (x;) if and only if it belongs to the section
number 2k + 1 (for some k, 0 < k < 2¢71) if Rp be divided to 2% sections. Hence,
to obtain the wavelengths satisfying z; (z;) it is sufficient to place a light blocker
on the light ribbon Rp. The light blocker is partitioned into 2 sections, where
the odd (even) sections are holes which allows the light to pass, and the even
(odd) sections does not allow the light to pass. In Fig. @ a literal OFM for x2 is
shown.

Using the provided design for literal OFMs, the light takes O(1) time (not
dependent on n or m) to pass the OFM. The time required to construct the
light blockers is considered in the preprocessing, as the literal OFMs (and light
blockers) are the same in any instance of the 3-SAT problems. To construct a
light blocker for OFM of literal z; (z;), it is required to create 2¢ sections on
a black plane and punch the even (odd) sections such as 2th and 4th (1th and
3th) sections to pass the light. So the area of the light blocker is exponential
according to i.

Clause OFMs. Having OFMs for any literal, how can we design an OFM for
a clause?
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R

Tzy (R)

Fig. 4. m,,, a literal OFM for z2. A light blocker including two holes is placed on the
light ribbon to block the wavelengths which does not satisfy xs.

Consider each clause C' as C' = [, V [, V I, for some literals l,, l,,, and [,,. A
value-assignment satisfy C' if and only if it satisfies at least one of the literals.
The main idea to design the optical filter for a clause is: first repeating the
input ray into three rays having the same wavelengths as the input ray, then
passing each of the three rays through the corresponding OFM of the literals
simultaneously. Finally, integrate the three output rays of the literal OFMs to
obtain a single ray, as the output for clause OFM.

We call the first step, repeating the input ray called R into three equal rays, as
the repeating phase. The repeating phase can be done using cubic beam-splitters
and plain mirrors as shown in Fig[5l

In the second step, called filtering phase, the three equal rays are passed
through the literal OFMs m;, , 7, ,m,, simultaneously. Each of the three output
rays, denoted by m, (R),m, (R), and 7, (R), contains exactly those wavelengths
of R which satisfy literals [,,, [, and .

(1)

i

l R | T T, (R)

R e 1, (1) ! 7o (R)

L

R R .| fIy|

Fig. 5. The general schema of an OFM for clause C' = [, V I, V 1y
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In the last step, called union phase, to collect the satisfying wavelengths of
the clause, it is sufficient to obtain a ray containing exactly those wavelengths
presented in at least one of m;, (R),m, (R), and 7, (R). Such a ray can be easily
obtained using again cubic beam-splitters and plain mirrors as shown in Fig.
Each beam-splitter splits the input rays into two rays having the same wave-
length of the input rays. These output rays come from two other sides of the
beam splitters. Hence, each light ray outgoing from these sides of beam-splitter
contains all wavelengths presented in the input rays.

The general schema of a clause OFM is shown in Fig. Bl using optical devices
and literal OFMs. As each literal OFM requires at most O(1) time to pass the
light, the time required for the light ray to pass a clause OFM is at most O(1).

CNF-Formula OFMs. Now we are ready to design an optical filter for 3-SAT
formula. Each 3-SAT formula F' is the conjunction of m clauses, denoted as
F=C,ANCyAN...NCy, for some m. An idea to design the OFM for F is to
start from an input ray R and pass the ray through the clause OFMs of F' one
by one, and finally, collect the from the last clause OFM which contains exactly
the wavelengths satisfying F'.

More precisely, to obtain an OFM for F', at the first step, R is passed through
the clause OFM of Cy denoted by 7¢,. The outgoing ray denoted by 7, (R) con-
tains those wavelengths of R which satisfy C7. In the second step, the outgoing
ray from 7, is passed through the clause OFM of Cs. In this case, the outgoing
ray contains exactly those wavelengths of R which satisfy both C; and Cs (or
C1 A Cs). By repeating this procedure for other clauses of F' after m steps, Ry,
contains exactly wavelengths of R which satisfy C1 A Co A ... A C,,, i.e., satisfy
3-SAT formula F'. The general schema of the optical filter for 3-SAT formula is
shown in Fig. [6l As each clause OFM requires O(1) time to pass the light, the
time required for the light ray to pass each CNF-Formula OFM is O(m).

R ey (R) TCyACs (R) FC]/\.../\Cm.Al(R_)

,JTC]. > ﬂ-CQ L Trcrm i (R)

Fig. 6. The general schema of an OFM for CNF-formula FF = Ci1 ACao A ... A Cp,

3.3 Using OFMs to Solve the 3-SAT Problem

Now we can easily solve the 3-SAT problem using OFMs. Starting from a contin-
uous spectrum light ray R (in a selected wavelength interval) and pass it through
the OFM for 3-SAT formula F'. The output ray, denoted as mp(R) contains ex-
actly those wavelengths of R which satisfy F. As R is a continuous spectrum
light ray (in a selected wavelength interval) and hence contains all possible value-
assignments for the variables, the out going ray, denoted by mr(R) contains ex-
actly those wavelengths which mapped to the value-assignments satisfying the
corresponding 3-SAT formula. So, a given 3-SAT problem has a satisfying value-
assignment if and only if the outgoing ray 7 (R) contains some wavelengths, and
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the answer is “Yes”, otherwise “No”. This can be easily be tested using a light
sensor. Hence, if the light sensor detects any light ray consisting of wavelengths
from the selected wavelength interval, the answer is declared as ” Yes”, otherwise
"No”.

Now consider an instance of the 3-SAT problem having n variables and m
clauses. As the required time for a light ray to pass a CNF-formula OFM is
O(m), the provided method takes O(m) time to solve each instance of the 3-
SAT problem (excluding the preprocessing time). Also the number of optical
divides such as prisms and beam-splitters is O(m).

4 Conclusion and Future Works

3-SAT problem is an NP-complete problem which no polynomial time solution
for it on the conventional computers is found yet. In this paper, a new optical
approach to solve the 3-SAT problem is provided using polynomial time, based on
different wavelengths presented in a light ray. The wavelengths are considered as
the possible value-assignment to the variables in the 3-SAT problem and optical
filters are designed using optical devices such as beam-splitters and prisms to
drop those wavelengths which do not satisfy the 3-SAT formula. At the end,
outgoing wavelengths from the filter are those which are mapped to the satisfying
value-assignments for the 3-SAT formula.

Some other optical approaches are already provided to solve NP-complete prob-
lems. In the first approach, some optical devices using optical fibers to make delays
in the light motion is used. This approach is used to solve NP-complete problems
such as exact cover problem [4], Hamiltonian path problem [5], sub-set sum prob-
lem [6], and traveling sales man problem [7]. The methods provided in these works
take takes exponential time and space to solve each problem instance.

Another optical approach to solve NP-complete problems uses optical masks.
The masks are created in a preprocessing phase, and they are used to solve
the instances of NP-complete problems in polynomial time, but required space
(the size of designed optical masks) has exponential complexity according to the
input size [R9UT0].

Continuous space machine (or CSM) is an optical machine which uses Fourier
property of light to do some operations on optical images. Using CSM is another
optical approach to solve NP-complete problem. NP-complete problems (also
class of P-space problems) can be solved in CSM using polynomial time but
exponential space [13].

The provided wavelength-based method in this paper takes exponential time
according to n (the number of Boolean variables) for preprocessing to construct
light blockers. After preprocessing time, the method takes O(m) time to solve
each 3-SAT problem instance, where m is the number of clauses. The complexity
of number of optical devices is also O(m) but the space complexity is exponential
according to the size of input. The number of different wavelengths in a light ray
is also exponential according to n, where n is the number of Boolean variables
in each 3-SAT problem instance.
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In the future works, we will focus on the light blockers used in literal OFMs.
As the exponential space and pre-processing time is dependent on these blockers,
some methods are required to replace these blockers with other optical devices to
achieve polynomial time and space to solve the 3-SAT problem. If such a methods

be found, it does not still yield that the famous problem P L NP is solved,
because the number of wavelengths required in light rays is still exponential
according to the size of input. The used energy to solve each instance of the
3-SAT problem is the other subject to be investigated. We will focus on some
methods to reduce the required energy for each light ray and also overall energy
required in the provided solution.
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Abstract. In this paper we present a new configuration for real-time spatial
image processor that is based upon an imaging setup in which a grating with
Fourier coefficients with tunable phase is attached to the object plane. The illu-
mination that is used for the proposed concept is spatially incoherent. By proper
adjusting of the magnification of the imaging system to the spatial period of the
grating and the sampling grid of the camera, the aliasing effect due to the digital
sampling realizes a non uniform and tunable spectral distribution (a filter) that
is applied over the spectrum of the object.

Keywords: Optical signal processing subsystems.

1 Introduction and Motivation

Optical realization of real time spatial processor or a filter is a very important task
since the advantage of optics in which the processing even of large images is done in
parallel and not in serial manner. Various configurations tried to realize such a proc-
essor based upon spatial light modulators (SLM) usually positioned in an optical
Fourier transforming setup [1-4]. In other approaches the all-optical realization used
some non linear effect such as the photo refractive effect in order to mix two spatial
distributions (the input data and the filter) together [5-10].

The aim of this paper is to build an ultra fast spatial image processor that may for in-
stance be based on the LiNbOj; periodically poled gratings that allow fast and controlled
tuning of their optical parameters. The optical system as to be described includes a tun-
able grating (where only the phase of its Fourier coefficients can be varied while its
period remains unchanged) that is attached to the object plane and an imaging system
which is defocused or it has a special spatial mask that is attached to the aperture of the
imaging lens. Except of that the proposed system does not require any time integration
or movement of two gratings (encoding and decoding) as appears in conventional filter-
ing configurations that are imaging based [11]. The setup is very simple and allows
realization of tunable spatial filters to be applied over the image of the object.

The idea is to attach a tunable grating to the object in an imaging setup and to use
the aliasing effect generated due to the sampling in the detection array such that the
differently replicated spectral information will realize different spectral filtering ap-
plied over the spectrum of the input object. Especially this concept may be appealing
in case where very fast tunable grating is used. As an example, assume that one has a
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grating made of LiNbOj; in which one may control the phase of its Fourier coefficients
(its diffraction orders). The temporal response time of such gratings can easily be few
GHz. Note that we do not require to have a modulator where every pixel can be tuned
individually but rather a grating where the control is applied over the entire structure.

Note that the purpose of the proposed configuration is to achieve spatial filtering as
done in regular configuration. However, our intension is to obtain this filtering with-
out applying tunable filter in the Fourier domain. In some applications and especially
those that deal with practical cases of incoherent illumination, the Fourier plane is not
accessible. This is true for instance in the cases when the aperture plane of the imag-
ing lens is inside the lens. The main advantage of the proposed technique is that it
does not depend on the lens configuration and it allows the realization of any spatial
filter without the need to access various planes in the lens or to insert anything into
the imaging module. Our filtering is obtained by combining partially tunable spatial
mask positioned in the object plane together with the sampling effect done anyhow by
the detection array. In addition, the tunability that is required from our spatial mask
(that is positioned near the object) in order to realize basic image processing opera-
tions as low, band and high passing is reduced in comparison to the tunability needed
from a mask when it is positioned in the Fourier plane in order to obtain similar result.

Note also that in previous works, the aliasing effect was treated as undesired distor-
tion or noise that needs to eliminate [12,13]. Other optical computing processing
schemes were suggested as well [14]. The difference in the approach presented in this
paper is that in our case we use the aliasing effect for our benefit in order to realize
the tunable filtering functionality.

The mathematical derivation is presented in section 2. In Section 3 we experimen-
tally validate the proposed approach. Section 4 concludes the paper.

2 Mathematical Derivation

We will perform the mathematical derivation for spatially incoherent illumination
and therefore all the functions in the mathematical description designate intensity distri-
butions.

The schematic sketch of the setup that we will analyze appears in Fig. 1. We will
denote by H the OTF of an imaging system that images an object while the modula-
tion grating is attached to the object (multiplies its transmission).

Imaging
Grating |ens

Object Pixilated
detector

Fig. 1. Schematic illustration of the optical setup
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The Fourier transform of the image of the object s(x) that is generated due to the
grating that is attached to the object equals to:

H ()= H(u) -I[s(x) - g(x)]exp (27ipx) dx (1)
where s(x) is the imaged object and g(x) is the grating attached to it. All spatial distri-
butions are intensities.

In case that a defocused imaging is used and the aperture of the lens has a dimen-
sion of 2b, the one-dimensional OTF function H has the form of a sinc function:

) 4w Z.
H () =sin C(MT“UJ 2
The coefficient W,, determines the severity of the error. The coefficient W,, is also
denoted as:
2
"2\z z, 6 F

Z, and Z; are the distances between the imaging lens and the object and the imaging
lens and the image respectively. F is the focal length. When the imaging condition is
fulfilled, then:

it
Since g(x) is a grating, we will express it as a Fourier series:
g(x)=>a, exp(27xiny,x) %)
Therefore substitution of the last equation i;to Eq. 1 yields:
H(u) =Y a,H)S(u—nu,) (©6)

while S(u) is the Fourier transform of s(x). We assume that x4, is larger than the
bandwidth of S(x). We will denote the various spectral slots of the OTF H(u) having
width of g, by specific names, i.e.:

Hm(,u)zH(,u)mect{M] (7)
Hy
Therefore Eq. 6 will become:

H(u)=Y a,H,(1)S(1—nu,) ®)

In Fig. 2(a) one may see schematic illustration of the notations and of the assumptions
presented in the mathematical derivation. In Fig. 2(b) we added the schematic illustra-
tion of the spectral distribution f () due to the replication of S().

The image captured at the detector is sampled. Sampling in the space domain is
equivalent to convolving the spectral domain (spatial spectrum) with a train of delta
functions. Therefore, the spectrum of the sampled image, which we denote by ﬁd (u)»
is periodic.

We assume that the sampling is at frequency of u which is enough for full infor-
mation reconstruction since the bandwidth of S(x) is smaller than

H,()=Hu)®Y 8(u—nyy) ©)



Incoherent Optical Spatial Image Processing 89

Hp | Hy | Hy | H, | H, OTF
OTF S(p)\ Replicated S(y)

\ i |
" o B \/ ™ g
(a) (b)

Fig. 2. (a). Schematic illustration of the OTF and the notations we use. (b). Schematic illustra-
tion of the spectral distribution H (u) due to replication of S().

We denote by the symbol of ® the convolution operation. As previously mentioned,
sampling means replicating in the spectrum domain. All identical replications interact
through overlapping (aliasing) and create a periodic spectral distribution. The spectral
information that is eventually seen by the detector is the information contained in one
period of the replication. The spectral information of every period equals to:

H™ ()= a,H,)S(u) = S(y)[ZanH (- ”:uo):| (10)

1

V

Fig. 3. Schematic illustration of the spectral replication due to the sampling at the detector
plane
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In Fig. 3 one may see schematic illustration of the spectral distribution due to sam-
pling. Therefore the expression appearing in the brackets could be described as a
special filter applied over the spectral content of the image s(x). The assumption that
the imaging system is defocused (OTF has sinc like shape) was important in order to
have non uniform filter (the filter appears in the brackets of Eq. 10). Instead of defo-
cusing one may also attach a non uniform spatial mask to the aperture lens as well.

Note that the defocusing was proposed as one example of aberration allowing to
have negative parts for the OTF and to assist in realizing various types of spatial fil-
ters without doing pixel wise modification of the modulation grating. This is espe-
cially important if one wishes to be able to realize basic filters without applying a
pixel wise modulation of the grating. Other types of aberrations can be used as well,
and even aperture coding masks where one may attach a non uniform spatial mask to
the aperture or to other principle planes of the lens.

Let us see what the realized filter really is. We denote the Fourier transform of this
filter by f{x). In this case we have:

f(x)=h(x)- Zan exp (27ins,x) (11

which means that if we know the desired filter and therefore its Fourier transform (i.e.
the point spread function distribution in the space domain), the required Fourier coef-
ficients a, can be found as:
a, = I {&} exp (—27ingt,x) dx 12)
1 1y h(x)
Those coefficients a, can be time varied and by that the filter can be tuned with time
as well.

Note that as seen from Eq. 12 if one wishes to do general processing or to realize a
general filter he needs to perform a pixel-wise modulation of the grating and then the
shape of the OTF is also less important except of allowing the existence of solution
for Eq. 12 (i.e. the ratio of f{x)/h(x) is mathematically defined). However, as we are
about to present, for basic image processing operations such as low, band and high
pass filtering one does not need to do a pixel wise tuning of the grating. The con-
strains we have regarding the shape of the OTF (e.g. performing aberration to its
shape by defocusing or by usage of spatial mask) are mainly relevant to this case of
non pixel wise modulation.

Note also that the sensitivity of the synthesized filter to noise mainly depends on
the strength of the Fourier components of the grating given that the OTF has spectral
width which is wider than 1/4, (this is also seen in Eq. 10). If one observes again Eq.
12 indeed zeros in h(x) may be problematic for the computing. However, when a
narrow OTF is generated (e.g. due to defocusing) it results by wider i(x) distribution
and thus the dividing operation may be preferred since then A(x) is wider than f{x) and
thus there is smaller probability to have zeros in the denominator or sensitivity to
existing noises.

3 Experimental Validation

The proposed concept was experimentally validated. In the experimental configura-
tion, the coding grating (CG) was a transmittance rectangular grating with period of



Incoherent Optical Spatial Image Processing 91

Microscope objective

45° Mirror

Imaging objective

Target
Coding grating (CG)

Laser

Fig. 4. The experimental setup

100um (Fig. 4). The CG plane was imaged by lens objective of F = 50mm, F/# = 8 to
an intermediate image plane located at working distance of a capturing device (mag-
nifying objective + sensor). The distance of the CG from imaging objective was
60cm. The target object was positioned in the vicinity of the CG. The imaging MTF is
degraded by defocus of the target. The chosen target was a rectangular grating with
period of 330um. The illumination is monochromatic, using 532nm green laser. The
illumination beam is opened by a holographic diffuser. The illumination is made spa-
tially incoherent by means of a rotating diffuser.

The obtained results are presented in Figs. 5-8. The target image without CG is
shown in Fig. 5(a). Figure 5(b) shows the absolute value of Fourier Transform (FFT)
of the target, while the plot is normalized to have a DC component equal to unity. The
modulation value (contrast) of the 1* order is 0.16.

B - [ |
230t i
240 o 7 | [jos
250f o by W
2601, X . . 0
._ -
11 "
o0l 0.16 <L N
—< i -
280 el e
- " "
290 5 L B 0.2
240 260 280
() (®)

Fig. 5. (a). The original object. (b). Its spectrum.
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200 250 300 350
(b)
Fig. 6. (a). The coding grating (CG). (b). Its spectrum.

150f

200f
250} il
300f

asof

(@) (b)

Fig. 7. (a). Captured image of the CG with target, prior to aliasing effect. (b). The obtained
spectrum.

Since the camera had pixels of 12um and in the computation we had 512 pixels,
the units (i.e. the units of every pixel in the charts) for the results presented in Figs. 5-
8 are 2/(512x12um)=0.326 (1/mm). In Fig. 6 the coding grating CG plots are shown.

Figure 7 describes the captured results, prior to aliasing effect. It is possible to see
that as expected the object spectrum is replicated by a CG. The aliasing effect was
simulated by a proper re-sampling, without applying anti-aliasing filter. The results
are demonstrated in Fig. 8. The modulation value (contrast) of 1% order is now 0.22.
Thus, due to the aliasing the contrast of the first order was improved from 0.16 to 0.22
which is an improvement of approximately 40%.

A comment regarding the processing we performed. If one marks the CG replicating
frequency by vy, then the maximum allowed target frequency component will be 0.5v;.
Due to the CG this component is replicated to v¢+0.5v, as shown in Fig 7(b). Therefore,
for proper simulation we will zero all frequency data beyond the 1.5v; in the Fourier
domain, and crop the central 3v; bandwidth out of the captured spectrum and then in-
verse Fourier transform the distribution to go back to the image plane. We decimate the
resulted distribution by a factor of three (we took every third pixel). This way the re-
sulted image has its maximal frequency component located at 0.5v, (bandwidth of vy).
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Fig. 8. Final results. (a). Applying aliasing on the re-sampled captured image results in a con-
trast enhanced target image. (b). The spectrum.

That way we obtained the required matching between the CG replicating frequency
and the effective aliasing frequency due to the sampling by the pixels of the sensor.

In order to validate the experimental results we have performed a numerical simu-
lation following the experimental conditions providing the result of Fig. 8. The results
are presented in Fig. 9. The first harmony of an original object was enhanced from
0.167 to 0.235 which is an enhancement factor of about 40% similar to the one ob-
tained in our experimental results of Fig. 8.

(a). ®).

Fig. 9. Numerical simulations. (a). Original object with contrast of first harmonic of 0.167. (b).
Enhanced object with contrast of first harmonic of 0.235.

4 Conclusions

In this paper we have presented a new approach for realization of a real-time all-
optical spatial image filtering or even processing in the next step. The concept con-
sists of attaching, to the object, a grating capable of tuning in real-time the phase of its
Fourier coefficients and an imaging lens having proper spatial mask attached to it, or
a lens with proper defocus, as well as a magnification factor that adjusts the aliasing
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due to the sampling of the pixelized detector to the period of the tunable grating. Tun-
ing the grating varied the aliasing and thus realizes a different spectral filter.
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Abstract. A scheme for SIMD (Single Instruction stream Multi Data stream)
pattern processing for two dimensional (2D) binary images is introduced as a
brief announcement. This scheme consists of image compression of target im-
ages and some elemental operations for compressed data in order to achieve
large scale information processing with less processing costs. We have applied
the scheme to prime factorization and the travelling salesman problem (TSP).
Advantaged features of the scheme are discussed.

Keywords: SIMD pattern processing, 2D binary image, image compression,
huge scale information processing.

1 Introduction

SIMD (Single Instruction stream) processing in two dimensional (2D) images have
been studied in the research field called digital optical computing because this proc-
essing is suitable for optical implementation [1, 2]. Also, this processing form seems
to be useful for electronic processing since parallel processing is generally utilized
with consumer use workstations.

In such a situation, we have proposed a specific scheme based on the form.
Image compression is a key technology in the scheme. First of the procedure in
the scheme, a set of input images are compressed in accordance with a specific
encoding. A sequence of operations is applied to compressed datum. As a result,
desired output images can be extracted by decoding which is inverse process of
encoding.

We have developed one of the solutions based on the scheme [3]. This solution is
to reduce processing costs of an algorithm for prime factorization. Usefulness of the
solution is shown by verification. Also, the scheme has been applied to the traveling
salesman problem (TSP) and effectiveness of it has been investigated.

In this announcement, we describe the proposed scheme. The processing procedure
in the scheme is briefly explained. Two kinds of solutions are shown. We discuss on
features of them.

S. Dolev and M. Oltean (Eds.): OSC 2009, LNCS 5882, pp. 95 20009.
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2 SIMD Pattern Processing with Image Compression

An elemental operation in SIMD pattern processing for 2D images is represented as a
logical operation between neighborhood pixels on the target images. This processing
format has been defined in optical array logic (OAL) [1]. Several applications with
OAL such as image processing, numerical one, and so on have been researched. In
these applications, input information is expressed as binary patterns on 2D discrete
images. Output images are obtained by a sequence of elemental gates.

Our solutions for prime factorization and the TSP is examples of trial for the prob-
lems requiring hard computation tasks based on the processing. In the solutions, op-
erational steps increase polynomial whereas image size grows exponentially. Note
that only growth of the vertical direction of the image size is serious problem in the
solutions.

Therefore, we study on a scheme to solve the problem. Fig.1 shows a schematic
diagram of the scheme. In the scheme, input images are converted into a set of datum
by a specific coding for compression. Sets of the datum are operated by a sequence of
elemental gates. These gates correspond to logical operations in image domain. Out-
put datum is obtained by a sequence of the gates. Finally, output images are given by
the decoding. An encoding rule for the scheme should be a lossless compression so
that output images are reconstructed as final results.

Encading' compression
atum

Input 4

Decoding
datum =

Encoding Output ©
"

wrmtli'e:nsion

Input B

Fig. 1. Diagram of a scheme for SIMD pattern processing of 2D binary images with image
compression

Fig. 2 shows a scheme for an encoding method presented in Ref. [3]. As described
in the figure, a target image is divided into a set of column patterns. Then, two kinds
of datum W, and B; are generated from one column data. W; and B; are sets of i's satis-
fied with Egs. (1) and (2), respectively.

a.,,;=0na,, =1 (1)
a.,=lna, =0 2)

In these two equations, a; ; shows the pixel value at (i, j) on the image.
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g By={2.4,6
Wy=12, 6}
B ={4}
Wa=14}
Ba ={NULL}
Wi={NULL}
B3 ={NULL}
Wa=10,2.4, 6}
By={1,3,5,7}
I Divide an image to a set of column data Ws=10, 41

o LV 1}
L 1¥: the sequence satisfied with a1, ;=0 /N\a; ;=1 Bs ={2, 6}

- B;: the sequence satisfied with ai.1, ;=1 /N\aj j=0 We={0}
Be =14}
J 17=10}
B7 ={NULL}

L 51 If Bj has the element 0, 0 is deleted

Fig. 2. Scheme for procedure of encoding from 2D patterns to a set of compressed datum

We have constructed three elemental operations. These operations execute SIMD
process equivalent to NOT, AND, and XOR gates in image domain. Fig. 3 summa-
rizes an operation corresponding XOR as an example of the elements. Fig. 3 (a) indi-
cates the relations between the input and the output patterns. From the figure, output
patterns are inverted where either a;; or b;; is inverted. Considering the relations, we
design a procedure for the datum of compression domain. This procedure is described
in Fig. 3(b). Details of this operation and other two elemental ones are explained in
Ref. [3].

In our solution for prime factorization, so called modulo exponentiation is imple-
mented in accordance with the scheme. We have proposed an improvement of the
solution in Ref. [4]. In the improvement, the encoding is modified to reduce computa-
tional tasks. It is confirmed that the processing costs in the improved solution is less
than 1/100 than that with simple pattern processing.

alWj={.... alWjlx], ..} BIWG={.... BIWLV], BIW [y+1), ...}
alBj={.... alBjlx]. ..} BIB={.... BIB[¥). bIB) [+ 1], ...}
alitjlx] mj.fb'] I generation an intermediate
18j[v] sequnece
alBjlx] ’ P =L, alWilx], BWilv), BIBIY), alBilx), BIW] [v+ 1], bIBJ [r'fl,....:‘
II deletion of same
elements
[ P ={.... bIBjly], alBjlx], BIW} [v+ 1], BIBj [v+1], . ...} ‘
III output of desired
Pi
BIWj=1..., BIBJIY], BIWG [+ 1], o}
J' th column ' th column 7 th column i iy i Tyt
patterns in patterns in patterns in bIBf=\.... alBjlx], biBf y+1], ...}
the input A the input B the output image

(b)
(a)

Fig. 3. (a) Relations between input and output patterns in XOR operation and (b) Data flow of
the XOR operation in compression domain
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In a solution for the TSP based on the scheme, on the other hand, matrix-vector
multiplication is executed with the scheme [5, 6]. Additionally, a procedure to extract
the tour with minimum path length has been designed. Note that encoding and ele-
mental operations in the solution are quite same as that for prime factorization. As
results of verification, usefulness of the scheme by use of data compression has been
clarified.

The proposed scheme is considered to be useful for the both solutions. However,
processing costs of these solutions seems to grow exponentially. We should modify
encoding and elemental operations to reduce computational costs. Also, methodology
to estimate the solutions should be constructed to progress our studies. These are
considered to be important as future issues.

3 Summary

A scheme for SIMD processing for 2D binary images has been reported. One of the
features of the scheme is to use image compression. It has been shown that some
methods developed in digital optical computing are effectively implemented using the
presented scheme.
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Abstract. We propose a new method for secure key distribution using
white-light interferometry. In contrast to quantum key distribution, only
classical waves are used and, therefore, single photons (and the practi-
cal problems associated with them) are avoided. The core idea is the
employment of random but discrete delays on both sides of the commu-
nication channel. The security of the method currently cannot be proven
and further investigations are necessary towards this goal.

1 Introduction

In 1949 Shannon proved that secure communication between two parties, in the
following denoted by “Alice” and “Bob”, is possible once they share a common
secret key with a length larger or equal to the message to be transmitted [IJ.
There are three ways to ensure the necessary key distribution between Alice and
Bob. 1) Public key cryptography is using public known keys and mathematical
methods (unfortunately with unproven security) to achieve communication [2]. 2)
Personal exchange of keys (e.g. identical hard-disks filled with random numbers)
gives very high security but, of course, is often not practical or even impossible.
3) Quantum key distribution currently seems to be the only secure method to
generate a secret shared key between two parties that are separated by a certain
distance. Different quantum methods have been proposed [3] but the corner
stones of these techniques are the no-cloning theorem of quantum physics, the
non-commutativity of certain pairs of observables (e.g. different polarizations)
and the use of single photons. Practical systems using quantum key distribution
have been realized but the use of single photons over large distances is still
technically challenging and expensive.

2 Key Distribution Using White-Light Interferometry

Fig. [ shows the core idea of using white-light interferometry for the secure key
generation. A short coherent signal pulse is send by Alice to Bob. Bob delays
the signal with delay D2+D3 before returning it to Alice. Alice detects the
interference between the signal delayed by Bob and her reference signal delayed
by D1. Therefore, interference will be detected if D1 equals D2+D3 (a constant
path length due to the communication channel omitted because one can always
eliminate that).
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The basic method for generating one key bit is as follows:

1. Alice chooses D1 randomly out of N discrete values (e.g. N=100).

2. Bob chooses D2 randomly out of the same N discrete values.

3. Bob chooses D3 randomly to be 0 or A/2. 0 corresponds to the bit zero and
A/2 corresponds to bit one.

4. Alice sends a wave packet with (on average) M photons with M<N.

5. Alice detects if interference is present. If this is the case she also detects
whether Bob has set D3 to 0 or /2.

6. Alice informs Bob (via a classical channel) if the bit is usable or not.

Each successful interference detection (probability for that is 1/N) leads to one
shared random key bit. Of course, for practical implementation one would make
a lot of changes to this core idea.

Now, why is it not possible for an eavesdropper, whom we will denote “Eve”,
to share the key of Alice and Bob? Wouldn’t it be possible for Eve to intercept
part of the wavepacket and thereby to detect the setting of D3 of Bob? At
most, Eve could intercept L photons, with with L<M<N. For every intercepted
photon she can check a different delay D.. For the simplest case of L=1, that is
Eve intercepts one photon and therefore tests one delay the propability that she
uses the same delay as Alice and Bob is 1/N3. On the other hand, the propability
that Alice and Bob use the same delay is 1/N2. Therefore, everytime Alice and
Bob use the same delay and exchange one secret bit, the propability for Eve for
successfully measuring that bit is only 1/N.

Of course, Eve can parallelize by intercepting L. photons but still she will
not be able to obtain all key bits and, therefore, classical techniques for privacy
amplification [4] can be used by Alice and Bob to avoid such attacks.

Other attack approaches are possible for Eve. Most important, she might clone
the wavepackets by using coherent amplification because for classical light, of
course, the no-cloning theorem will not apply.

We think (a detailed analysis will be presented in a future publication) that
Alice and Bob can defend against such an attack by using additional incoherent
noise on the communication channel. The signal photons then are hidden in
the noise signal. During interference detection the noise will only lead to an
incoherent background. Coherent amplification amplifies both sorts of photons

D1
- D2
$ - D3
-
ALICE EVE BOB

Fig. 1. Principle of white-light interferometry based key distribution
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(noise and signal). If the noise is large enough than a lot of noise photons will
be amplified and the photon statistics lead to large noise levels because with the
total number of photons also the overall photon noise will increase (e.g. by the
square root of the total number for the Poissonian statistics).

This also helps together with some wavelength multiplexing and filtering (at
least we think so) against possible attacks by Eve where Eve actively sends light
to Bob’s delay.

3 Conclusions

We presented the basic idea of our proposal of using white-light interferometry
(and therefore classical light) to realize secure key distribution. Details about
some obvious attacks and their countermeasures will be presented in a future
publication. At the moment, although we did not succeed in finding a working
method for eavesdropping the key, a proof for the security of the method is not
available.
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Abstract. With excellent photo-electric and electro-optical effects, the photore-
fractive spatial light modulators can work as optically addressed modulators in
optical information processing systems and parallel optical computing systems.
The photo-induced current pulses of the photorefractive spatial light modulator
observed in the experiments are analyzed to conclude the characteristics, and to
find the relationship between the properties of the current pulse and the struc-
tural parameters. Furthermore, the origin of the photo-induced current pulse is
analyzed, and the methods to improve the operation speed of the spatial light
modulators are proposed. The research results will be significant for extending
the applications of the photorefractive spatial light modulators, and pushing
ahead the research of all-optical modulation materials and devices for optical
supercomputing.

Keywords: optical computing, optically addressed spatial light modulator,
photorefractive, photo-induced current pulse, discrete.

1 Introduction

Spatial light modulators (SLMs) are the infrastructure for most parallel optical infor-
mation processing systems, parallel optical interconnection and parallel optical com-
puting systems'"™. Based on the excellent photorefractive crystals” ), such as Ba-
TiO;, BSO (Bi1,5i0,) and GaAs, the photorefractive SLMs can work as optically
addressed modulators in these parallel optical systems, which focus on modulating
speed and parallel capability. In order to improve the contrast ratio, usually the
photorefractive crystals work in longitudinal modulation mode in which applied volt-
age is necessary.

However, the operation speed of the photorefractive SLMs can not still match the
requirements of the high-speed optical supercomputing nowadays, and the high-speed
2-D full-optical modulators are still in seeking for.

With excellent optical and physical properties’® ', the BSO photorefractive SLMs
attract many investigations in optical information processing and optical computing,
and the research results are representative and referencable for other photorefractive
crystals. The photo-induced current pulses of the BSO-film SLM have been observed
in the experiments'®, which may be one of the factors to induce irreversible
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damage!"”!. Combined with the irreversible damage, the current pulses are analyzed to
sum up the characteristics so as to find out the relationship between the properties of
the photo-induced current pulses and the structure parameters of the SLM. Further-
more, the origin of the current pulse is analyzed so as to propose the methods to im-
prove the operation speed of the SLMs under various operation modes.

The research results will be significant for the designing, the optimizing and the
extending applications of the photorefractive SLMs, and will push the research of
high-speed full-optical modulation materials and devices for optical supercomputing.

2 Experiment Setup

The experiment setup for measuring the photo-induced current pulses flowing through
the external circuit is shown in Fig.1, in which the SLM works in longitudinal modu-
lation mode.

The SLM is asymmetric and cuneal, in which the transparent electrodes (marked
[1] and [5]) are made of ITO, and the insulator (marked [2]) is made by Parylene C,
which thickness is 20 and 10 um respectively to endure at least DC voltage of 4 and 2

kV respectively. The center wavelength of the high reflective film (HR film, marked
[3]) is 633 nm, which is actually the wavelength of the He-Ne laser. And the BSO

film (marked [4]) is about 15mmx15mm (lengthxwidth) and 500 gm or 1000 um

thickness, which are wedge cut """ with an angle of 1° to eliminate the interference
between the input light beam and the output light beam. The incident surface

Spatial light modulator

| | |
LD 405nm Shutter . \ I|I : BSO
Adjustable : \/ Diaphragm

attenuator e :
Composite lens

Fig. 1. Experiment setup
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of write-light beam which coated with HR film is perpendicular to the axis [001] of
the BSO crystal.

In the experiment setup, the write-light source is a LD with wavelength of 405nm
and output power of 60mW.

A series-wound resistor are connected to the external circuit which provides the
applied voltage of the SLM, and the Tektronix TDS 2022 oscilloscope will measure
the voltage of the two ends of the series-wound resistor to observe the variation of the
photo-induced current properly.

3 Experiment Results

3.1 Experiment Conditions

The experiment conditions for the measurements are shown in table 1, in which the
thickness of the BSO film is 500 xm or 1000 4m , the connections of the electrodes A,
B to 1 and 2 are optional, and the resistance of the resistor R is 50 Q or 50 k€2 . For all
the experiment conditions, the wavelength of the write-light is 405nm, and the applied
voltage is set to 1500 V when in operation.

Table 1. Experiment conditions

Experiment Thickness of | Connection of electrode | ... .. ¢p

condition NO. BSOfilm(um) | A

1-500 | 50Q

2-500 50 k€2
500

3-500 5 50Q

4-500 50 k€2

1-1000 50 Q

1

2-1000 50 k€2
1000

3-1000 5 50Q

4-1000 50 k€2

In the measurements, the diameter of the write-light beam is Imm and distributed
uniformly.

3.2 Photo-Induced Current Pulses Measurement

Under all the experiment conditions, the photo-induced current pulses can be ob-
served by the oscilloscope remarkably during the exposure. The observed current
pulses for different experiment conditions shown in table 1 are shown in Fig.2~5.
When all the measurements are performed, and the expose time of the write-
light beam is about 2 seconds during which the applied voltage is being held on.
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Fig. 2. Photo-induced current pulses of 1-500 and 1-1000
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Fig. 3. Photo-induced current pulses of 2-500 and 2-1000
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Fig. 4. Photo-induced current pulses of 3-500 and 3-1000
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Fig. 5. Photo-induced current pulses of 4-500 and 4-1000

Table 2. Basic properties of the pulses

Experiment condition NO. | 1/e time width | Full time width
1-500 72.0 ns ~200 ns
2-500 6.2 Uus ~20 us
3-500 85.6 ns ~200 ns
4-500 6.7 Us ~20 us
1-1000 252 ns ~200 ns
2-1000 52us ~20 us
3-1000 24.6 ns ~200 ns
4-1000 4.7 us ~20 us

Furthermore, all the measurements are achieved in the middle of exposure rather than
at the beginning or the end.

In Table 2, the 1/e time width denotes the time width of the pulses range rising
from 1/e full range and dropping to 1/e full range, and the full time width denotes the
full life-time of the continuous pulse.

4 Discussion

As the measurements are achieved in the middle of the exposure, and the expose time
of the write-light beam is long enough, the shape and the pulse width of the current
pulses will primarily be determined by the properties of the external circuit, the mate-
rials and the structure parameters of the SLM rather than by the properties of the
write-light pulses.

As the SLM and the power supply can be considered as a RC circuit as shown in
Fig.6, in which the composite capacitor is made up of the equivalent capacitor of the
equivalent capacitor of the BSO film (marked C1) and the insulator(marked C2),
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il -— -
Cl C2
R
[k a3 = P B e | @
Uy
Power supply

Fig. 6. Equivalent RC circuit of the SLM

which capacitance can be calculated with the properties of the materials and the struc-
ture parameters i.e. the thinness and the width of various films.

According to Table 2, though the 1/e time width is different for various experiment
conditions, the full time width may be uniform so far as the experiment conditions
have the same series-wound resistor and the thickness of the BSO films.

When the resistance of the series-wound resistor is 50 k€2 and the thickness of the
BSO film is 500 ¢m , the RC time constant of the equivalent RC circuit is about 6.5 us,

which is close to the 1/e time width of experiment condition NO. 2-500 and NO. 4-
500. When the thickness of the BSO film is 1000 #m , the RC time constant of the

equivalent RC circuit is about 5 ys , which is close to the 1/e time width of experi-

ment condition NO. 2-1000 and NO. 4-1000. And the Photo-induced current pulses
after various exposure time are measured, as shown in Fig.7. The pulse NO.1 is
measure first, and 2~5 are measured in sequence with distance of 5 seconds. The
pulses indicate that, even through the range is various, the full time width and the 1/e
time width of the pulses are almost uniform. These may indicate that, the operation
speed of the SLM is determined rather by the external circuit properties, i.e. the RC
time constant of the equivalent RC circuit, than by the photo- response speed of the
photorefractive crystals.

1600~ [——1

----2 wavelength: 450 nm
3 Connection of electrode A: Positive
—1 Applied voltage: 1500 V

12004+ Risistance of the series-wound risistor:50 kQ

h—"
800 \
\\\\/2
-
:

Current (uA)

400

Time (us)

Fig. 7. Photo-induced current pulses after various exposure time
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In order to confirm the rule, the current pulses are measured when the write-light is
moved away and at the time of turning of the applied voltage, as shown in Fig.8.

Thickness of BSO film: 1000um
Applied voltage: 2500 V
100 - Risistance of the series-wound risistor: 500

I\ A

/
s
r .6 ns
/

/

/ ___30751mA

,,,,,,,, Original data
—— FFT smothing

-100 -

Current (mA)

-200

-

-300

T 1
-200 -100 0 100 200 300 400
Time (ns)

Fig. 8. Photo-induced current pulses after various exposure time

The pulses in Fig.8 show that, the 1/e time width and the full time width are close
to that of experiment condition NO. 1-1000.

In fact, the photo-induced current pulses represent the transfer of the photo-induced
electrons along the circuit and the variation of the voltage across the SLM. Therefore,
the operation speed of the SLM is mostly determined by the external equivalent cir-
cuit, i.e. the material properties of the photorefractive crystals and the insulator, and
the structure parameters of the SLM.

5 Conclusion and Outlook

The photo-induced current pulses observed in the asymmetric BSO photorefractive
SLM are determined by the electric properties of the external equivalent circuit, i.e.
the material properties of the photorefractive crystals and the insulator, and the struc-
ture parameters of the SLM. The pulse characteristic of the photo-induced current will
affect the writing process and limit the operation speed of the SLM. In order to opti-
mize the operation speed of the photorefractive SLM, the material and the structure
parameters should be designed to decrease the RC time constant of the external
equivalent circuit. For instance, the continuous area of the photorefractive film should
be cut to little areas, so as to decrease the equivalent capacitance. And, the photore-
fractive crystal and the insulator should be chosen with little dielectric constant.
Furthermore, in order to build up efficient all-optical architecture for the future
parallel optical high performance computers, other materials such as organic com-
pound should be tried. In which the limit of RC time constant won’t exist, and the
operation speed will mostly determined by the response time of the materials.
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Abstract. Future high-performance computing (HPC) architectures
will consist of whole parallel computing systems integrated on chip-level
and boards mounted with lots of computing chips and chip-external main
memory. Photonic networks on board and photonic network on chips
(NoCs) offer the potential to fulfill the high bandwidth requirements in
such systems. In addition they need less power, offer better EMC capabil-
ities and can reduce cabling effort compared to electronic networks. Due
to their non-blocking property Clos networks are frequently used in HPC
architectures. Therefore we investigated how a photonic on-board Clos
network can be realized using Coarse Wavelength-Division-Multiplexing
(CWDM) techniques with state-of-the art components based on fibre
technology. In addition we present a new photonic Clos NoC architec-
ture based on Wavelength Interchanging (WI) elements, optical waveg-
uide structures, mode-locked laser sources, nanophotonic microrings and
passive optical deflection elements to reduce the number of switches. We
discuss the benefits and drawbacks for using different optical technologies
for such an architecture.

1 Introduction

Current microprocessors contain multiple compute cores and a hierarchy of
cache-level memory. This trend of integrating more and more whole parallel
computing systems on chip-level, which have been implemented on boards be-
fore, will continue. In addition, we will still find boards mounted with lots of
computing chips and chip-external main memory in future, e.g. for signal pro-
cessing applications. For such high computing performance systems high speed
communication networks are necessary in order to fulfill the high bandwidth
requirements. Photonic networks on board and also photonic network on chips
(NoCs) offer a lot of benefits in this context. They can deliver a significant
contribution to power reduction compared to electronic networks in which data
buffering and signal restoration are required in order to sustain high cycle times.

Space craft applications, which first have been the driving force of this pre-
sented research study, put some additional strict requirements on the hardware
realization. It is not only the performance in the processing and networking
modules, e.g. in a satellite, which plays an important role. Also other factors

S. Dolev and M. Oltean (Eds.): OSC 2009, LNCS 5882, pp. 110-{I23] 2009.
© Springer-Verlag Berlin Heidelberg 2009



Optical Multiplexing Techniques for Photonic Clos Networks 111

like EMC and the weight of the components have to be considered. Using pho-
tonic networks offers further benefits in this context. Already fiber based optics
helps replacing thousands of comparatively heavy copper cables and connectors
which link up to hundred electronic boards that can be contained in a modern
satellite. To support reducing of electronic cables and to increase bandwidth ca-
pabilities we investigated Wavelength Division Multiplexing (WDM) techniques
for high-performance computing (HPC) applications. WDM techniques are very
attractive in this context since they allow a space multiplexing of several chan-
nels in one physical link, realized either as a fibre or as a waveguide structure.
Coarse Wavelength Division Multiplexing (CWDM) is also preferable compared
to Dense Wavelength Divison Multiplexing (DWDM) since the wider distance
of used wavelengths in CWDM allows much more tolerance against thermal
fluctuations without applying sophisticated cooling techniques.

The technology of a photonic network has to consider the interconnection
topology that is already given in a pure electronic system if one decides to
replace the electronic network by a photonic network. In current space craft ap-
plications the processing devices are often linked with multi-stage Clos networks.
Therefore we investigated realization possibilities of a photonic Clos network us-
ing optical multiplexing techniques for the background of a HPC application as
it is given e.g. in space craft computer systems. We will face the benefits and
drawbacks of different realization schemes for CWDM Clos networks considering
the use of passive and active optical devices like diffraction gratings and Wave-
length Interchange (WI) elements using microring resonators. Also the routing
algorithms for Clos networks will be considered because some of them are based
on edge-coloring strategies of graphs what can be directly mapped onto WDM
hardware.

The rest of the paper is organized as follows. In chapter 2 we will present
a specific class of routing algorithms for Clos networks that can be directly
mapped onto WDM networks. Chapter 3 describes different realization possibil-
ities for such WDM networks using different state-of-the art techno-logy. It is
distinguished between a short-term realization, e.g. for a space craft solution,
using fibres and optoelectronic VCSEL devices for a CWDM on-board network
without WI. Furthermore we propose an advanced mid-term realization using
nanophotonic devices using WI based on a modified edge-coloring routing al-
gorithm for a NoC solution. Chapter 4 discusses specific requirements for the
optical laser sources for WDM architectures. Finally we conclude the paper with
a summary of the most important statements.

2 Clos Networks

2.1 Setup of Clos Networks

Clos networks are multistage interconnection networks, which connect input
ports with output ports via the local input/output ports of a number of crossbar
stages. A basic Clos network consists of three stages: input, middle and output
stage. Each stage contains a number of crossbar switches. In general, three-stage
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Fig. 1. Set up of a symmetric (2,3,4) Clos network

Clos networks are defined by a tuple C(nq,r1, m,n2,72), in which the first stage
is made of ry crossbars of size ny x m, the last stage consists of o crossbars
of dimension m X mo, and there are m crossbar switches of size r1 X 79 in the
middle stage. The i*" local output port of an input stage switch I ;j is connected
to the j* local input port of the i*" middle stage switch (i = 1,...,71). The j*"
output link of a middle stage switch my, is connected to the k" local input port
of the j' output stage switch (j = 1,...,72). The tuple C(n,r,m,n,r) defines
a symmetric three-stage Clos network C(n,m,r). Figure [l shows a C(2,3,4)
Clos network. A three-stage Clos network can be expanded by replacing each of
the middle stage switches with another three-stage Clos network leading to five
stages. In the following we will restrict our explanation to three-stage networks
which present the general form.

Clos networks are non-blocking if some constraints concerning their number
of switching elements are fulfilled. If m > n then each request on any input
port of an input stage switch can be routed to the relevant output port of any
output stage switch. However, in this case it could be possible that another
existing connection uses exactly the ports of a middle stage switch we need for
the requested link. Then this link has to be rearranged to another available
middle stage switch. In this case the Clos network is denoted as rearrangeable
non-blocking. If m > 2n — 1 then each request of any input link of an input stage
switch can be routed to the relevant output link of any output stage switch
without rearranging another requests. In this case the Clos network is denoted
as strict-sense non-blocking.

The drawback of a Clos network is that it is a not a self-configuring or self-
routing network, meaning that the switches are directly adapted according to a
header information given in the arriving data bit stream. Instead of that, a cen-
tral routing algorithm has to be applied which calculates in advance the position
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of the switches in the different stages. However, this drawback can be tolerated
if the application knows in advance the desired input/output connection.

2.2 Routing Algorithms in Clos Networks

Different approaches are known in literature to calculate how the crossbar
switches are to set to realize a non-blocking routing. In [I] a procedure based
on matrix decomposition is presented, in [2] a method that uses edge-coloring of
a graph. In our work we focused on edge-coloring procedures because they can
be intuitively mapped onto a WDM network. The mentioned graph presents the
desired interconnect links that can be expressed by a permutation P : x — 7(x)
that defines that the input port x of a Clos network is to connect to the output
port w(x),1 < z,7(xz) < N, with N = n - r. Figure 2] shows the corresponding
graph G for an example of a (4,4,3) Clos network that has to be switched ac-
cordingly to 12 desired input-output links defined by a permutation P. For each
input and output stage corresponding nodes I; and O; are generated in G. An
edge is drawn from I; to O; for each defined connection in P which refers to
ports belonging to the related input and output stages.

For the three input and output stages I, I5 .. ., Oz, O3 of the Clos network in
figure 2 we receive three nodes in the graph G labeled with the same identifiers.
Two edges are running between I; and O3 since we have two desired connections
in P,(1 — 6)and (2 — 7), which refer input stage I; and output stage Os.
An analogue situation holds for Is and Os, and for I3 and O;.

The goal is now to separate GG in multi-graphs in such a way, that the union
of all multi-graphs together is identical to the graph G and each of the resultant
multi-graphs can directly mapped onto the linking of input and output ports of
one middle stage switch. Therefore multiple edges between pairs (I, 0,) in G

P=123456789101112

6711210298 311 4 5
— L 1
2 —1 — 2
3 — —3
4— — 4
5 | 5
6 — — 6
7 — —7
8 — — 8
9 | 9
10 — —10
n— — 11
12— —12

Fig. 2. A (4,4,3) Clos network and its corresponding graph G for a desired permutation
P4
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have to be eliminated because this leads to a conflict in the middle stage. To
achieve that the graph G is first subdivided in two subgraphs G and Gy (see
figure B left) in which no multiple edges are running between an input-output
node pair. Furthermore the edges in each graph GG; and G5 are colored with the
same color.

However, we have to separate the two graphs further on since we need four
different colored graphs for the four different middle stages in our Clos network.
This is performed by Euler partitioning [3] of G; and G as follows. Starting
from an arbitrary node in G; one selects an edge and moves to the node to
which the edge is running. This edge is removed from the graph G;. This process
is continued until e.g. no edges are given. The removed edges are subsequently
inserted in two new subgraphs G;; € (i, j[1,2]). Each edge in G;; receives the
same color, the G;;'s among each other receive a different one. This procedure
halves the number of edges running out of a node and the number of edges in
the resulting subgraphs. Euler partitioning can be repeated until the number of
edges corresponds to the number of ports in the middle stage of the Clos network
and the number of the resultant graphs is equal to the number of middle stage
switches. The result for the example is G11, G2 for G1 and Ga1, Gag for Gy (see
figure 3] right).

Finally all crossbars in the Clos network can be configured as follows. The
resulting Clos network with its set crossbar switches is shown in figure @l Since
each edge in the graphs represents one desired link of P one can conclude how the
crossbars in the three stages have to be set. E.g., the edge running from I to Oq
in the red graph Gi2 corresponds to the desired link (1 — 6). Consequently,
the input port 1 in input stage I; has to be connected to local output port 2
because this port leads to the red middle stage (red corresponds to Ay in the
following). The local port 6 in the output port O2 must be connected to local
input port 2 because this port leads to the red colored middle stage switch.
Consequently, the local input 1 has to be connected with local output port 2 in
the red middle stage. In the same way all the other edges of the multi-graphs
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are to handle. For more details on the exemplary shown partitioning scheme,
e.g. which constraints have to be fulfilled in order to find always an appropriate
subdivision of the graph, refer to [2].

3 Mapping the Colored Clos Network onto Photonic
CWDM Clos Networks

The mapping of the colored Clos network can be mapped straightforward to a
CWDM hardware layout. E.g., for the Clos network in figure [ it is enough to
use one optical link leaving each input stage switch and running to the middle
stage switches if we can use four different wavelengths in each optical link. In the
following we present two different realization possibilities based on different pho-
tonic technologies. The first proposal is more orientated on state-of-the-art tech-
nology using optical fibres and optoelectronic devices developed in the project
MAUI (Multiwavelength Assembly for Ubiquitous Interconnects) [], [5]. It was
driven by the mentioned space craft application. Whereas the solution with those
MAUT devices is thought as a network on board solution we also go a step ahead
and propose a layout for a photonic NoC solution based on microring resonators
to realize a WI function.

3.1 Photonic Clos Networks with Fiber Based Technology

The MAUI device is an optoeletronic module which realizes 48 links with four
different wavelengths in a 12 x 1 fibre ribbon to link boards or chips mounted
on boards. For sending data there is a sender device in which four columns of

BWON =

o ~NOo U

11—
12

Fig. 4. Clos network as result of the edge-coloring routing algorithm
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bottom-emitting laser diodes (LDs) are flip-chip bonded on a circuit containing
the driver circuitry for the LDs. Each LD column is emitting light in another
wavelength and each LD can be individually and digitally controlled by an ex-
ternal pin. To each sender device belongs a receiver device which contains four
columns of 12 PIN photo diodes (PDs). Both devices contain mechanical lid
equipment with MT-ferrule alignment pins to plug a 12 x 1 MT fibre connector
on top of their device surface. In addition deflection gratings are inserted in this
subassembly for multiplexing and de-multiplexing the different wavelengths from
each fibre to the LDs, resp. PDs.

Considering these device features we realize a strict non-blocking (4,4, 12)
Clos network to realize a 48 x 48 connection. Figure Bl shows a conceptual layout
for such a 48 x 48 Clos network consisting of four MAUI devices (one sender and
receiver pair between input and middle stages, resp. between middle and output
stages) and two standard multimode fibre ribbons of size 12 X 1 to connect a
sender /receiver pair.

The network consists of four 12 x 12 crossbars in the middle stage and 12
crossbars of size 4 x 4 in the input and in the output stage. This size is exactly
adapted to the capacity of the devices which offer 12 optical links with four
wavelengths each. The switching in the crossbars shall be realized with electronic
hardware. All middle stage switches can be integrated e.g. in one low-cost FPGA
which has just to realize the connection of 48 input / output ports with 4x 122 =
566 digital switches, what is easy to meet. The FPGA can be closely connected
to the MAUI receiver module on the left side of the middle stage and to the

Clos network Clos network Clos network
input stage middle stage output stage
crossbars crossbars crossbars
411 44114
42 Maui VCSEL Maui VCSEL 214
array array PRTETEYN)
43 3K
4 ‘ .
= 1 0 kY 1 0 _‘&
— MI2A3M Maui photo Maui pheto
4111 detector array detector array| L4144 [.4
4
412 1214

¥
12 x1
fibre bundle

Fig. 5. Scheme for 48 x 48 CWDM Clos network using devices from the MAUT project
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MAUI sender module on the right side of the middle stage. Therefore only very
short ranged electronic interconnections are sufficient what allows high cycle
times and simplifies board wiring.

It is necessary that the single LDs and PDs are contacted in the right way
what can be exactly read out in the Clos network configured by colored edges.
The four local output ports of the 12 crossbars in the Clos network’s input stage
control one row of a MAUT sender module. Since all crossbars in the middle stage
are characterized with the same color, each middle stage is directly connected
with a specific column of a 12 x 4 MAUI device using the same wavelength for
sending and receiving. The ports leaving the first crossbar in the middle stage, to
which the color black (A1) is assigned (see figure [l), contact directly all 12 pins
of a Maui sender module in the first column controlling the first wavelength. The
12 output ports of the second crossbar in the middle stage device are responsible
for the 12 LDs in the second column, and so on. Finally the 12 output rows of the
MAUT receiver module located at the Clos network’s output stage are connected
1-to-1 to the input ports of the crossbars (i.e. first PD row to first crossbar,
second row to second crossbar, and so on).

The layout shown in figure Bl can be easily expanded to a (4,4, 24) Clos net-
work realizing a 96 x 96 port connection. This requires only four fibre ribbons
and four MAUI sender/receiver pairs, one FPGA with 192 pins to realize 2304
digital switches in the middle stage crossbars and short range electronic on-board
interconnects. This represents a drastic reduction compared to a pure electronic
on-board network or even an electronic Clos network between boards. Connec-
tors with 192 pins and 192 long on-board lines are eliminated leading to reduced
wiring because four thin 1 x 12 fibre ribbons do not lead to a spaghetti fibre
wiring.

3.2 Photonic Clos NoC with WI Elements Based on Nanophotonic
Microrings

Figure [0l shows a possible layout for the photonic Clos NoC using passive de-
flection elements in the output stage, middle stage crossbars that realise a WI
and a hierarchical waveguide structure in the input stage routing the input
data stream with electronically controlled nanophotonic microrings to the right
middle stage crossbars. Using passive deflection gratings in the output stage is
possible because we assigned a fix wavelength to each output port. In each port
of every input stage module one of the possible wavelengths is injected in one
waveguide structure and the mixed wavelengths are propagated to a separation
stage at which the wavelengths are switched by microrings to the right middle
stage. Such micoring switches were recently demonstrated [6], [7] and proposed
as switching elements for photonic NoCs [§], [9]. They are controlled by an elec-
tronic control circuit which injects an electric field into p-n-contacts surrounding
the rings. Then the resonance of the ring can shift such that the transmitted light
is in resonance and makes therefore a right angle turn. We propose to use such
microrings for the seperating the wavelengths in the input stage to the right
middle stages. For that a fix assignment to the microrings is sufficient. In this
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Fig. 7. WI functionality using microrings in the middle stage photonic Clos NoCs

sense also the input stage works as a passive optical system. We first switch by
appropriate tuned microrings the colors red (A2) and black (A1) to the upper
half of the network and then we separate the two colors to the correct middle
stages. The same has to happen for the other two colors in the lower half ([]).

The task of the middle stage modules is to couple the required wavelengths in
the outgoing wave-guide structures in such a way that they can be separated by
the deflection gratings according to the fixed assigned wavelength of the output
ports. This can possibly cause a WI. Again we propose to use microrings for
that purpose. A possible solution for such a switching is shown in figure [

If the incoming light via an input port I; has to be directed to the output
port O; the microring (I; — O;) has to be switched on. If the wavelength has
not to be changed the incoming light is directly propagated to the output (at
WI ON/OFF, left microring ON, right microring OFF). Else (shown in figure
[@) the light is detected via a photo receiver to determine 1s and Os in the input
data. Then the light of a mode-locked laser [I0] is correspondingly modulated
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via the microring denoted as electrically controlled WI in () and the desired
wavelength is filtered out by further microrings.

The actual output position for all used microring switches has to be calculated
by the electronic control circuit according to the desired interconnections. A cen-
tral electronic control circuit means no restriction because a non self-configuring
network like a Clos network requires anyway a centralized routing algorithm from
the algorithmic viewpoint. In order to detect if wavelengths have to be converted
and if so in which wavelength we modified the edge-coloring algorithm presented
in 2.2.

As in section 2.2 we start with a graph in which an edge is running between
each (I;,0;) node pair if there is a desired interconnection between ports be-
longing to the stages I; resp. O; (see figure [§]). We decompose this graph in
a multi-graph according to the class of output ports to which the same color
or wavelength is assigned. As result we receive so much partial graphs as there
are wavelengths. If not more than one edge is running between the node pairs
(I;, O;) in such a partial graph we have no conflict for that wavelength, denoted
as ¢y, in the following. We assume that each edge is labeled with a tupel (z — y)
that contains the desired connection between the global input port x and the
global output port y. Then the middle switch stage, which is responsible for that
wavelength, can route the incoming data stream directly to its corresponding
local output port running to the output stage O; which serves the global output
port y. At the local input port the wavelength ¢, that is assigned to the output
port y, has to be injected in the waveguide.

A conflict is given if more than one edge, e.g. e edges, is leaving a node I; in
a partial graph g for a certain wavelength cg, e.g. see Is in the partial graph
with the red colored edges. In this case we have to find for each additional
edge an alternative wavelength as follows. Let I; be the node whose desired
interconnections cause a conflict. We are searching through all partial graphs
9:(1 <z <n;z+# k) in a fixed order for the first partial graph in which node I,
has no outgoing edge. There must be such a partial graph because there are n
partial graphs, one for each of the n wavelengths, and exactly n edges leave each
node I; in all partial graphs together. Consequently, there must be e — 1 partial
graphs ¢,(z # k) in which I; has no leaving edge. The wavelength assigned to
the first partial graph, in which we found a node I; without edges, can then
be used as first alternative wavelength. If we need more free wavelengths then
the search has to be continued in the remaining partial graphs. The output data
stream is inserted in the optical link that is running to that middle stage which is
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responsible for that alternate wavelength. Figure B shows two desired connections
in I3 to an output with red colour according to the desired permutation P given
in figure 2l Therefore the first desired connection (6,2) can be selected via the
colour red. For the second one (5,10) an alternate wavelength must be found. In
the partial graph, which is responsible for the green (\3) connections, no edge
is leaving from I5. Consequently, we can inject green light in port 5 of the input
stage Iy which is passively routed to the middle stage which is responsible for
the green wavelengths. In this middle stage a WI function has to be applied from
green (Az) to red (A2) and the output has to be switched to local output port
3 because this local output port is connected to the output stage Os. There the
light is passively deflected to the output port 10, the desired target address.

3.3 Evaluation of the Presented Solutions in Terms of Required
Switches

In the following we express depending on the number of used wavelengths, #col,
and the size of the network, N x N, the number of the required switches for the
two different photonic Clos networks we investigated in this paper: (i) a fibre
based network on board solution as short-term realization, e.g. for a space craft
application, and (ii) a NoC proposal using nanophotonic microrings for routing
and WI functionality as mid-term solution. We can determine the size (n, m,r)
of the photonic Clos networks as follows: r = N/#col;n = #col;m = Fcol.
Consequently, the number of switches in the input, middle and output stage for
the fibre based network can be calculated (1).

2
oo (1
co
For the microring based Clos NoC we have only active switches in the middle
stage. As one can see in figure [7 in each of the m x r? switching elements
of the photonic crossbar we need (4 + #col — 1) microrings which have to be
electronically switched on or off. Consequently, (2) is the number of required
switches for the NoC network (2).

#Switches fibre—based—Clos = T % n+mxr’4+rxn?= 2N #col +

N2
(#col)
For the case that the ratio of (2) to (1) is below 1 the NoC solution requires fewer

active switches. A longer mathematical transformation yields that this holds if
condition (3) is satisfied.

HSWItChes NoC —based—Clos = T XM X (44+#col—1) = X (44++tcol—1) (2)

24 col?
2 + #col (3)

The limits according to (3) where the NoC solution requires less switches is
for 4 wavelengths N = 5.3, for 8 wavelengths N = 12.8, for 16 wavelengths
N = 28.4. The larger N is the more preferable is a solution without WI and two
active stages in the input and output of the photonic Clos network. Therefore

N <
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we can conclude as follows. Besides the additional flexibility, it is also preferable
to implement the possibility of WI based on microrings for smaller network sizes
of N in terms of the number of realizable elementary switches.

For that NoC solution we assumed the use of a single mode-locked laser source
whereas the fibre based solution uses MAUI sender modules containing different
stripes of semiconductor VCSEL arrays emitting light with different wavelengths.
Mode-locked lasers offer the advantage of an off-chip single broadband laser
source for WDM interconnections [I1]. For a space craft solution the use of an
external single mode-locked laser source discards due to its size. Nevertheless,
there are some characteristics making mode-locked lasers ideal as optical supply
source for WDM in HPC architectures: (i) generating ultra-short pulses in the
fs range, (ii) thermal stability and (iii) its comparatively broad wavelength
spectrum to use several wavelengths that reduce the efforts in the number or
required switches for smaller sized networks. However, for a use in a HPC system
there is the drawback of the comparatively long distance between the pulses in
the MHz range. The use of passive optics can help eliminating this drawback as
we discuss in the next chapter.

4 Consideration on the Practical Implementation

The schemes for WDM-based interconnection require the use of suitable sources.
Most preferable would be multiple-wavelength VCSEL devices. However, prac-
tical difficulties may occur since the wavelength of VCSEL emitters is not very
well defined due to fabrication tolerances and temperature drifts. Wavelength
tolerances in the range of several nanometers may easily occur. In combination
with the operating range of the filters, this puts a limit to the number of channels
that can be handled.

In order to achieve a large number of channels, it might be an interesting
alternative to use short pulse lasers as suggested in [I0]. In recent years, mode-
locked lasers which emit pulses with durations in the ps/fs-range have become
more and more practical, so that nowadays turn-key systems are available that
emit pulses with durations of less than 100 fs. The pulse duration 7 is related to
the spectral width AX of the optical radiation by AX = A?/c7 . Here, ¢ denotes
the speed of light and A\ the center wavelength of the radiation. For example, if
A = 780nm, one has A\ = 100 nm for 7 = 20ns and A\ ~ 40nm for 7 = 50ns.
In this scheme, it is necessary, however, to split up the optical power from a single
fs-laser source to supply an optical signal to many communications channels.
Modulator devices are required to generate the data streams. For the modulators
similar considerations apply like for VCSEL devices in terms of wavelength range
and tolerances. Therefore, there is no clear advantage for either scheme. In fs-
laser scheme, it is attractive to use a single source and distribute the signals
with very little skew to the different communication links. Efficient multiple-
beam splitting using free-space and waveguide optics has been demonstrated in
the past by using various concepts, see e.g. [12]. The concept of a microoptical
H-tree for short pulses was demonstrated in ref. [I3].
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of [14]

A less desirable feature of mode-locked laser sources is the fact that the rep-
etition rate of the pulses is typically less than 1 GHz, i.e. lower than the data
rates for the communication channels. However, this could be solved by adding
tapped-delay lines into the optical distribution scheme [T4] (see figure []). This
means, a single optical pulse would not only be split spatially to N output chan-
nels, but also in time to generate virtually a pulse chain of higher repetition rate.
The temporal splitting of fs-pulses was also demonstrated by the use of suitable
microoptical devices [15].

5 Conclusion

In the paper we investigated optical WDM techniques with and without WI
functionality and the use of different technologies levels (fibre based links with
VCSELSs on one side and nanophotonic mircroring switches using mode-locked
lasers on the other side) for the realization of photonic Clos networks in HPC
architectures. In addition we showed the usefulness of edge-coloring routing algo-
rithms for a direct mapping of a Clos network architecture onto WDM hardware.
For a space craft solution, which was our originally inducement of the presented
investigation, the fibre/VCSEL based solution is to prefer. For a NoC solution
with WI functionality that allows realizing the Clos network’s input and output
stages solely with passive optics, a microring/mode-locked laser technology is to
favor. In particular this holds if the number of network ports is smaller. The
exact break-even point depending on network size N and numbers of used wave-
lengths was mathematically derived. In conclusion, one might say, that WDM-
multiplexing appears very attractive in order to achieve high-throughput optical
interconnection. However, the practical aspects related to the suitability of the
light sources are not completely solved yet. VCSEL-implementation is very at-
tractive, the use of fs-pulses with suitable modulators might offer an interesting
alternative as well.
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Abstract. An optical system to execute prime factorization is modified to im-
prove its processing performance. In the improvement, some deletions in inter-
ference measurements are permitted. As results, it is experimentally verified
that the improved method can provide correct results in factorization of 30bits
integer.

Keywords: Parallel processing, plane wave, optical interference, modulo opera-
tion, prime factorization, spatial parallelism.

1 Introduction

Recently, some solutions based on optical signal processing have been proposed
for various problems requiring hard computational tasks [1-4]. For example, two
different systems for the travelling salesman problem (TSP) are presented Refs.
[1] and [2]. In Ref. [1], the TSP is solved with an optical correlator. On the other
hand, white light interferometry is utilized for the problem in the system shown in
Ref. [2].

In such a situation, we also research an optical method for prime factorization [5].
In the method, modulo multiplication is executed in parallel by a simple Michelson
interferometer. Modulo multiplication is an important operation in an algorithm for
prime factorization. The characteristics of the optical method are based on spatial
parallelism of light.

In our previous works, some advantaged features of the optical method are clari-
fied. Optical hardware for parallel processing is achieved with only a single light
source and a single light modulator. Requirement to accuracy of alignment in the
optical set up is not so critical in prime factorization. This feature is caused by proper-
ties of the algorithm.

We have presented some reports based on the research. Two-dimensional (2D)
parallel processing of the method is demonstrated in Ref. [6]. This processing form is
considered to be suitable for optical implementation. Also, an improved method has
been proposed to treat larger scale targets [7].

S. Dolev and M. Oltean (Eds.): OSC 2009, LNCS 5882, pp. 124 20009.
© Springer-Verlag Berlin Heidelberg 2009
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In this research, another improvement is reported. This method provides correct re-
sults for prime factorization though there are deletions in a data set for postprocess-
ing. It is shown that this method is useful for large scale processing.

2 Modulo Operation Based on Optical Interference and Phase
Modulation

An algorithm for prime factorization utilizes a specific function shown in Eq. (1).
f(x)=a" mod N (1)

This function is called modulo exponentiation. In Eq. (1), N is a target integer of
prime factorization and it is given as a product of two prime factors. a is also an inte-
ger which is satisfied with Eqs. (2) and (3), respectively.

l<a<N (2)
ged(a,N)=1 3)

fix) is known to be a periodic function and the period is an integer. In case that the
period is an even number, elements of prime factors can be extracted with post proc-
essing. Details of the algorithm are equivalent to Shor’s quantum method presented in
Refs. [8, 9].

Because f(x) is derived with a sequence of parallel processing for modulo multipli-
cation, this processing is an important operation in prime factorization. Modulo mul-
tiplication is defined as Eq. (4).

g(x)=yxmodN 4)

An optical method to derive g(x) is based on phase modulation of optical signals.
Considering a light wave represented as Eq. (5),

U(¢) =exp(i27¢) (5)

The optical filed corresponding to g(x) is obtained by settingp = yx/N. In accordance
with the principle, a system for parallel processing is constructed with a Michelson
interferometer. Figure 1 shows a schematic diagram of the optical system. In the sys-
tem, tilt angle of the mirror device is given as Eq. (6).

a(y) :lsin_l(y—;tJ ©6)
2 DN

In the equation, Aand D show wavelength of the light source and pixel pitch of sensor

array, respectively. As result, desired results of parallel processing can be obtained.

Fig. 2 shows relations between pixels and phase of optical signals.
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Fig. 1. Schematic diagram of optical set up for parallel modulo multiplication

Wavefront of modulation
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Photodetector array

Fig. 2. Diagram to show relations between pixels of detector array and detected optical signals
with phase modulation

3 Optical Hardware and Improved Solutions

In our method for prime factorization, /; (= azl modN) is derived from i=0 to n-1 as
preprocessing. n shows a bit length of N. Next, interference measurements are exe-
cuted by setting. After n times measurements, a data set corresponding to f{x) is ex-
tracted for post-processing to obtain the period of f(x). In the original method [5], Eq.
(7) should be satisfied.

L-2"-1<M (15isn 1) (7

Here, M shows the number of detector array. As a result, two-dimensional parallel
system can treat only less than 12 bits integers for factorization.
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Fig. 3. An example of profile corresponding to f{x) in cases of (a) the original method, (b) results
obtained by optical measurements with some deletions, and (c) data set after interpolation

Therefore, the method described as following is proposed for larger scale process-
ing. In the method, data set corresponding to f(x) is described in accordance with the
same procedure as that of the original method. If the condition shown as Eq. (7) is not
satisfied at x=x", we set ‘0" at f(x’). An example of the data sets obtained by the origi-
nal and proposed methods is shown Fig. 3. From this procedure, we may achieve
prime factorization of larger integer.
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Fig. 4. Experimental results of verification at N=537625733 and a=305208178



128 K. Nitta, N. Katsuta, and O. Matoba

We verify the proposed method experimentally. In the experiment, the optical
hardware for 2D parallel processing [6] is used. Figure 4 describes an example of
verification. Profile of the figure shows autocorrelation of f{x) derived with post-
processing. In the results of Fig. 3, N and a are set to be 537625733 (=23801x23293)
and 305208178, respectively. From the profile, it is found that the period is 8. Finally,
two correct factors can be obtained from the period. We can demonstrate that the
proposed improvement executes prime factorization in 30 bits integer. Note that the
improvement is not verified to achieve all integers which are less than 30bits.

4 Comments

In terms of optical supercomputing, a feature of our method is to utilize spatial paral-
lelism of light. In 1980's, many methods based on spatial parallelism have been de-
veloped in the research field of digital optical computing. In these methods, symbolic
substitution [10], perfect shuffle [11], systolic array [12], and so on [13], are imple-
mented on optical systems. Optical array logic has also been proposed as paradigm
for general purpose of parallel processing [14]. Our research is much inspired by
these methods. We describe essential difference between our method and these previ-
ous ones as following.

In the previous methods, at first, many emitters are required to prepare a set of in-
put data for target parallel processing. Additionally, photo-detector array is necessary
to obtain output results. On the other hand, our method utilizes only one light source
because a set of the input can be generated by collimation of the light beam and tilt of
the plane wave obtained by the collimation. Also, large scale parallel processing can
be achieved with less number of detectors. This is because the algorithm for prime
factorization needs not a set of individual results obtained by optical parallel process-
ing but only characteristics of profile in the set.

Our method permits slight alignment errors whereas previous optical methods
generally require highly accurate for alignment. We have estimated and discussed on
the robustness of our method against the errors in Ref. [15]. Consequently, spatial
parallelism is considered to be useful for optical supercomputing.

5 Summary

We have presented an improvement in a system for prime factorization based on opti-
cal parallel processing. In the improvement, large scale factorization is executed by
permitting some deletions in the profile of f{x). We have experimentally verified use-
fulness of the improved method.
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Abstract. A new state space representation of a class of combinatorial optimiza-
tion problems is introduced. The representation enables efficient implementation
of exhaustive search for an optimal solution in bounded NP complete problems
such as the traveling salesman problem (TSP) with a relatively small number of
cities. Furthermore, it facilitates effective heuristic search for sub optimal solu-
tions for problems with large number of cities. This paper surveys structures for
representing solutions to the TSP and the use of these structures in iterative hill
climbing (ITHC) and genetic algorithms (GA). The mapping of these structures
along with respective operators to a newly proposed electro-optical vector by
matrix multiplication (VMM) architecture is detailed. In addition, time space
tradeoffs related to using a record keeping mechanism for storing intermediate so-
lutions are presented and the effect of record keeping on the performance of these
heuristics in the new architecture is evaluated. Results of running these algorithms
on sequential architecture as well as a simulation-based estimation of the speedup
obtained are supplied. The results show that the VMM architecture can speedup
various variants of the TSP algorithm by a factor of 30x to 50x.

Keywords: Optical Computing, Parallel Processing, Combinatorial Optimiza-
tion, The Traveling Salesman Problem, Heuristic Search, Hill Climbing, Genet-
ic Algorithms.

1 Introduction

This paper presents a new weight incidence representation of Hamiltonian cycles
along with a set of operations on this representation including mutations and crossov-
ers. The proposed representation facilitates efficient mapping of heuristic search tech-
niques onto a new electro optical matrix by vector multiplication (VMM) architecture
and enables fast search for a sub optimal solution to the TSP with a relatively large
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number of cities. In addition, the paper outlines efficient mapping of exhaustive
search for solutions of TSP with a small number of cities onto the VMM.

The VMM consists of an electrical unit and an optical unit [1] and serves as a co-
processor to a controller. Under the proposed implementation the controller is work-
ing in parallel with the optical unit in a pipeline mode. The controller prepares 256
vectors which constitute a specific representation of TSP solutions according to a giv-
en algorithm and sends them in real time to the VMM. The fact that the controller can
prepare the vectors in real time is due to the novel representation of TSP solutions and
novel representations of basic operations on TSP solutions. Through the multiplica-
tion of a matrix containing solutions and a vector of weights, the optical unit
computes the cost of 256 Hamiltonian tours in parallel at a rate 125 million cost eval-
uations per second. The controller/VMM system can complete 125 million iterations
of an algorithm such as hill climbing in one second thereby achieving a speedup of
30x to 50x in various variants of the algorithms. In the current architecture, the role of
the optical unit is solely to compute the cost of each solution. In the future, we plan to
explore porting additional parts of the search algorithm to the optical unit.

Many combinatorial optimization problems require an exponential amount of re-
sources (time and / or space) with respect to a given parameter of the problem and
necessitate NP complete or intractable procedures for finding an optimal solution [2].
A common approach for solving such problems is to define a search space that is an
enumeration of potential solutions to the problem or steps toward the solution, and
perform heuristic search in that space [3]. A multitude of heuristic search and combi-
natorial optimization methods is under extensive research. The list of these techniques
includes the A*, Hill Climbing, iterative hill climbing (ITHC), genetic algorithms
(GA), tabu search, swarm, and simulated annealing [3-10].

The traveling salesman problem is one of the most commonly addressed combina-
torial optimization problems and is chosen as the platform of study for this research.
In the context of this research, the TSP is stated in the following way: “Given a com-
plete weighted undirected graph, find the minimal Hamiltonian cycle of the graph
[11,12].” As a consequence of assuming undirected graph this paper is only concerned
with the symmetric TSP, similar results are expected for the asymmetric problem.

Because of the complexity of the TSP, exhaustive solutions are limited to problems
with a small number of cities and heuristic search might require a significant amount
of computing resources before settling on an acceptable solution. As a consequence of
the inherent complexity, multitude of algorithms, heuristics, architectures, and data
structures for representing the problem as well as parallel processing procedures for
the solution of the TSP have been explored [13-18].

Due to the potential for achieving high speed of computation, optical computing
may be an interesting platform for exploring approaches for exhaustive solution for
relatively small, bounded, problems and heuristic solutions of large problems. Shaked
et al., have developed a new edge-weight based representation for the TSP and certain
other NP complete problems [1,11,12]. This representation enables computing the
cost of a TSP solution through a dot product operation. Shaked has mapped this repre-
sentation to an optical vector by matrix multiplication system where TSP solutions are
represented in a transparency matrix and the dot product operation is implemented
using an optical vector by matrix multiplication [19]. In addition, Shaked has demon-
strated an efficient method for electrical and optical construction of the matrix [20].
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The papers by Shaked address exhaustive solution for bounded NP complete prob-
lems. One advantage of the approach presented in the paper is that the same matrix
can be used for solving any problem with up to N cities and the only element that
changes from one instance of a traveling salesman problem to another instance is the
weight vector.

Only a few other papers address optical solution to the TSP. Haist et al. presents an
optical TSP system that provides a polynomial-time solution for the problem yet re-
quires an exponential amount of photons [21]. As a result, his system is also limited
for an exhaustive solution of relatively small instances of the TSP. Collings has dem-
onstrated the use of optical hardware to find local optimal solutions to the TSP using a
Hopfield neural network based heuristic [22]. Additional papers on optical systems
addressing the TSP and related problems are listed in [23-27].

Recently, Tamir et al., have proposed a new fast electro-optical architecture for
vector by matrix multiplication [1]. In the proposed architecture, the VMM consists of
a matrix of 256x256x8 bits which is multiplied by a vector of 256x8 bits. The pro-
posed VMM is capable of performing 16 Tera integer operations per second and
completes the multiplication of a 256x256x8 matrix by a 256x8 vector at a rate of 125
million vector-by-matrix multiplications per second. The paper shows how to map the
solution of bounded NP complete problems developed by Shaked et al., into the new
proposed VMM. Using the representation proposed by Shaked, the architecture can
check 125 million solutions of up to 23 cities in 1 second. In this paper we adopt a
new representation for Hamiltonian cycles. Using this representation the VMM, work-
ing along with a controller, can efficiently handle heuristic solutions to problems with
thousands of cities.

2 Strategies for Solving the TSP
2.1 Exhaustive Search in the TSP Search Space
Given a representation of a solution, exhaustive search enumerates the entire set of

solutions and evaluates the cost of each solution. The best cycle is retained. The

N-1)! .
solutions.

complete, undirected, weighted graph with N vertices (Cy) contains ¢

Hence, enumerating all of these solutions is of complexity of the order of O(N"). The
complexity is generally related to time complexity. Nevertheless, certain TSP solution
strategies trade time complexity by space complexity [6], number of constraints [28],
or number of photons required to complete the computation on an optical computing
device [21]. Some papers detail methods for efficient implementation of exhaustive
search. Nevertheless, due to the high growth rate of the complexity function, exhaus-
tive search is only practical for problems with a relatively small number of cities.

2.2 Heuristic Search Procedures

Despite the reduction in problem size, heuristic search algorithms are often very com-
plex and require careful utilization of computer resources such as processing power
and storage space. Many heuristic search algorithms are designed for optimal utiliza-
tion of processing power in order to reduce processing time and do not fully exploit
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the storage space or the trade-offs between time and space complexity. Several
researchers have studied time/space trade-offs [6,29,30]. A related problem is the
problem of anytime and any space algorithm [29,30]. In parallel to the research on
mapping heuristic search to the VMM we are performing a research on efficient utili-
zation of time and space resources for addressing NP-complete problems. For this
end, we propose novel methods of record keeping using a cache for tracking solutions
explored by the heuristic. This method enables an anytime / any space solution to the
TSP. The current paper introduces the concept of record keeping along with the map-
ping of the problem to a parallel execution on the VMM thus enabling a significant
speedup over existing approaches.

2.2.1 Hill Climbing and Iterative Hill Climbing

Hill climbing is a steepest descent greedy search algorithm [3-6,31]. There are two
parts to the hill climbing algorithm. First, a valid solution, called an initial configura-
tion, is generated. Next, the hill climbing algorithm attempts to improve the current
solution by making local changes to the configuration and taking the best new solu-
tion that exists in the local search space. Each improvement is referred to as a step.
This improvement process continues until the hill climbing algorithm can no longer
find a better solution, at which point the procedure returns the last solution found.
Iterative Hill Climbing (ITHC) is a variation of hill climbing that addresses the prob-
lem of getting trapped at a local minimum. In ITHC, once a local minimum is found,
another initial configuration is generated from the global search space and the climb-
ing process restarts. This process, of generating initial configurations and improving
them, continues iteratively until the global search space is exhausted or a desired
number of iterations are completed.

2.2.2 Genetic Algorithm Based Search

Genetic Algorithms are based on the principle of natural selection in which solutions
are represented by chromosomes [7]. Each chromosome contains a series of characte-
ristics which encode the solution at a particular point in a solution space, without
ambiguity. For example, in combinatorial optimization problems, such as feature
selection, solution chromosomes are represented by bit strings. A I bit represents a
feature selected, and a O bit represents a feature which is not selected. New genera-
tions of solutions are produced by elimination of low quality solution chromosomes
and addition of solutions through chromosome crossovers and mutations to produce
children solutions. Crossovers usually consist of swapping of chromosome bits from
two good quality chromosomes, while mutations can be random changes to the chro-
mosomes of individual solutions. Over iterations these processes gives rise to solu-
tions which, on average, have a higher fitness than the previous generation [7].

2.3 Representing an Hamiltonian Cycle

The literature on GA for the TSP contains numerous ways for representing Hamilto-
nian cycle [32,33]. Laranga et al, describe several representation methods including
path based, binary, adjacency, ordinal, and matrix, methods, other representations
include vector based methods [32]. The path based method is the most natural way to
represent a Hamiltonian cycle. It is a vertex based representation obtained by listing
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the cities visited in the order of visitation. So the cycle 1 =2 -3 —-4—-5—-6—1is
represented as the sequence {1,2,3,4,5,6}. The problem with this and most other re-
presentations is that the result of crossover is not necessarily a valid Hamiltonian
cycle. Hence, these representations do not enable straight forward implementation of
classical crossover.

The path can be represented in an adjacency vector structure where element i of the
vector contains the value j if vertex j is located in place i of the cycle. Several matrix
representations have been considered. The first representation is a vertex based repre-
sentation where a N X N matrix is used for a N vertex graph. The element (i, ) of the
matrix contains 1 if and only if the vertex i is traversed before the vertex j. Another
matrix representation includes 1 in place (i,j) if, and only if, in the vertex j is ex-
plored immediately after vertex i [32].

We consider three additional vector representations. The first representation is due
to Shaked [19]. This is a binary edge based vector where 1 in place k of the vector
denotes that edge k is traversed by the Hamiltonian cycle and the edges are enume-
rated in a consistent way. For example for the graph C5 the edges can be enumerated
in the following order [e; 5, €13, €14, €15, €23, €24, €25, €34, €35, €45] In this ex-
ample and under this representation, the vector B = [1,0,0,1,1,0,0,1,0,1] denotes that
edges e;,, €15, €3, €34, and e, are traversed. Hence, the vector B represents the
cyclel —2 —3 —4—5—1. We refer to this vector as the “binary incident vector.”
Note that due to the symmetry the edge e, 5 stands also for the edge es ;. Shaked uses
another vector which is an edge-weight based vector. The compatible edge-weight
vector for Cs is:

W= [W1,2» W13, W14, W15, Wa3, Wou, Was, Wayg, Wiy, W4,5]-

The novelty of this representation is that it enables calculating the cost (or length) of a
specific cycle represented by a binary incidence vector B through the dot
uct W.B.

Tamir et al. presented an electro-optical unit capable of fast vector by matrix mul-
tiplication (VMM). For this VMM we are proposing a new vector representation
where the weight vector contains the weights of the edges traversed in the order of
traversal. So the cycle 1—2—-3—-4—5—1 is represented by the vector W =
[Wi2, Wa3, Wa4, Wys, Wy s]. We refer to this vector as the weight incidence vector of
the cycle 1 —2 — 3 — 4 — 5 — 1. In this case a dot product between the vector W and
the vector 1 = [1,1,1,1,1] yields the cost of a cycle. Note that the weight incidence
vector described above can be inferred from the respective cycle. A cycle however is
not always uniquely defined by the weight incidence vector. In some of our imple-
mentations, a pair of vectors is maintained, the adjacency vector (e.g., [1,2,3,4,5])
and the incidence weight vector ([wy 5, Wy 3, W3 4, Wy 5, Wys]).

2.4 Operations on Hamiltonian Cycle Representations

We divide the operations on Hamiltonian cycles into two types of operations: muta-
tions and crossovers. A mutation on a representation of a cycle alters the representa-
tion in a given way. A crossover uses the representation of two cycles to generate a
new cycle. In classical genetic algorithms a chromosome is a binary string that
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represents a solution. Chromosome mutation is implemented by a permutation on the
binary string. In the case of TSP, mutations are a bit more involved. First, some of the
representations are not binary. Second, for a non-complete graph an arbitrary permu-
tation of a Hamiltonian cycle representation does not necessary yield an Hamiltonian
cycle. Hence, in general, a mutation in the TSP domain has two stages, permutation of
the representation and if needed repair of the representation or regeneration of a valid
Hamiltonian cycle.

The 2-Opt operation is commonly used in heuristic TSP solution and as a GA mu-
tation. The 2-Opt algorithm removes 2 edges from a Hamiltonian cycle and replaces
them with 2 edges whose sum is less than the sum of the edges that were removed,
while maintaining the Hamiltonian property of the new cycle [11,12]. This operation
is referred to as a “butterfly.” Other mutations include: displacement mutation, ex-
change mutation, insertion mutation, scramble, and random permutation [32,33].

The classical genetic algorithm of crossover between chromosomes takes two
chromosomes split each chromosome into two or more parts and then combines dif-
ferent parts to create one or more chromosomes. Again, in the case of TSP, an arbi-
trary crossover of the representation of two Hamiltonian cycles does not necessary
yield Hamiltonian cycles. Thus, a general TSP crossover involves a stage that resem-
bles classical crossover followed by repair and / or regeneration of a cycle. Some of
the commonly used crossover operations include: partially mapped crossover (PMX),
ordered crossover (OX), position based crossover, heuristic crossover, neighborhood
relationship crossover, meta ordering crossover, and self crossover. A comprehensive
list of these and additional mutations, crossovers, and permutations can be found in
[32,33].

3 The VMM Architecture

The VMM can serve as a co-processor attached to a DSP or a dedicated CPU, referred
to as the controller. A high level schema of the VMM is included in Fig. 1. As the
figure shows, the VMM is composed of two main components: the optical unit and
the electrical driver.

3.1 The VMM Optical Unit

One of the configurations that can be used to implement the optical component of the
VMM is based on the Stanford multiplier principle and illustrated in Fig. 2 [1]. As
shown in this figure, the input vector of the VMM is represented by a set of light
sources, the matrix of the VMM is represented by a slide mask or a real-time SLM
and the output (multiplication-product) vector of the VMM is represented by a set of
sensitive detectors. The light from each of the sources is spread vertically so that it
illuminates a single column of the matrix. Next, each row in the matrix is summed
onto a single detector in the detector array. This VMM configuration can be imple-
mented through several optical techniques. One of these techniques uses two sets of
lenses each of which contains a cylindrical lens and a spherical lens with focal lengths
of f. A single set of lenses has an equivalent focal length of f/2 in the vertic-
al/horizontal direction and f in the other direction. As shown in Fig. 2, the first set of
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lenses is positioned between the input vector (represented by the light sources) and
the matrix (represented by the SLM). This set of lenses is positioned so that the light
coming from each of the sources illuminates only a single column in the matrix,
which means collimating the light diverging vertically from each of the sources but
imaging it in the horizontal direction. The other set of lenses is positioned between the
matrix and the output vector (represented by the sensitive detectors) and is rotated by
90 degrees compared to the first set of lenses (see Fig. 2). Therefore, these lenses im-
age a row in the matrix onto a vertical position of a single detector in the detector ar-
ray and spread the light from a single column of the matrix. Other papers proposed
additional versions and applications of the optical VMM. Comprehensive literature
reviews in this subject can be found in references [1,34].

3.2 The VMM Electrical Driver

The electrical driver is comprised of 256 single electrical driver (SED) units and has
two types of inputs: a /x256x8 bit input vector A, which is the VMM input vector
(that is, the VCSEL source array driving signal), and a set of 256 vector inputs By to
Bjss (total of 256x256x8 bit). The output of the VMM is a Ix256x20 bit vector C.
The VMM output vector C, is an aggregation of the set of scalar outputs (Cy to Csss),
where the output C; emerging from the 7™ SED unit is a single 20-bit bus which is
generated by the output detector array. Within each SED, the input vector B; can be
stored in an internal dual-port modular memory buffer/shifter before it is directed to
the SLM. The output C; is directed to the external output. The electro-optical configu-
ration supports a dot-product operation between the input row vector A (being con-
verted into light by the VCSELSs) and one column of the entire SLM matrix. Each
SED unit performs one vector dot-product operation per cycle of 8 ns (the reciprocal
of 125 MHz). Combined together, the 256 units perform a vector (/x256x8 bit) by
matrix (256x256x8 bit) multiplication operation at a rate of /25 MH.

The proposed system can perform multiplication of a /x256x8 bit vector by a
256x%256%8 bit matrix at a rate of /25 million vector-by-matrix multiplications per
second. If the matrix and vector are smaller than 256x256 and %256, respectively,
then it may be possible to achieve the same rate with multiple small matrices/vectors.
If the matrix and / or the vector have more than 256x256 (256x1) elements, then
there is an overhead related to decomposing the matrix into sub matrices. In most of
the cases, this overhead is negligible.

4 VMM Implementation of Hill Climbing and Genetic Algorithms
in the TSP Search Space

The VMM is assumed to be a co-processor attached to a controller. Our current pro-
posal and simulations assume that the controller prepares vectors according to the
specific algorithm and sends them to the VMM where the fast matrix multiplication
yields the cost of 256 vectors per cycle. In future implementations we will consider
using an FPGA, ASIC, or other types of dedicated hardware to implement an electric-
al unit that is designed for the TSP algorithm. This unit will work directly with the
SLM matrix and will supply a direct link for exchanging information between the
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electrical unit and the optical unit. In addition, we consider implementing other parts
of the algorithm such as identifying the K best solutions on the optical unit. We have
implemented a simulation of the ITHC algorithm on the VMM. The simulation of the
genetic algorithm implementation on the VMM is currently in advanced stages. We
report on the actual ITHC simulations in this section.

4.1 VMM Implementation of Iterative Hill Climbing in the TSP Search Space

The ITHC in the TSP search space procedure is implemented through iterations on
two execution phases: tour construction and tour improvement. Following extensive
experimentation with tour construction algorithms such as the random restart and the
greedy randomized adaptive search procedures (GRASP) [6,35], we adopted a deter-
ministic approach which employs a greedy enumeration (GE) of spanning paths ac-
cording to their weight and converts them into spanning cycles by adding an edge
connecting the first and last vertex [6].

The actual implementation of the ITHC using the VMM is done in the following
way: First, the controller is generating the initial starting configuration using the mod-
ified Kruskal’s algorithm [11]. This is called the initial reference cycle. Reference
cycles are represented using the adjacency vector representation as well as the weight
incidence vector. All the other cycles are represented only by their weight incidence
vector. Next, the controller is generating all the 2-Opt butterflies that evolve from the
reference cycle. Each butterfly is a permutation which changes the location of two ver-
tices in the reference cycle or a swap of two pairs of edges in the weight incidence vec-
tor. Hence, a butterfly implies removing two weights from the reference weight inci-
dence vector and adding two weights to the vector. As the controller prepares these
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vectors, they are sent to the VMM. Since the VMM cycle is 8 ns the controller can pre-
pare 256 vectors, and send them to the VMM, in real time. The VMM computes the cost
of 256 vectors at a time and returns the results to the controller which retains the best
result. After generating all the possible butterflies the best cycle is selected and becomes
the reference cycle. This completes the first step of hill climbing. The controller verifies
that the current step is not in the cache, places the current step in the cache, prepares the
next set of weight incidence vectors, and sends them in real time to the VMM. Again,
the best cycle is retained. It becomes the reference cycle and a new step is created. This
process is repeated until a restart condition is met. That is, either a local optimum has
been achieved or a hit on the cache, denoting that this step has already been explored,
occurs. At this point the controller implements the greedy enumeration procedure to
generate a new initial reference cycles and a new climber is spawned to climb from this
point [6]. The process of generating new climbers repeats until a time limit or a limit on
the number of climbers is reached.

4.2 VMM Implementation of Genetic Algorithm Based Search

As in the case of iterative hill climbing the role of the controller is to prepare vectors
according to the algorithm and send them for cost evaluation to the VMM. We use the
incidence edge-weight vector as the primary representation for chromosomes. Never-
theless, a crossover might require maintaining the adjacency vector. A mutation is a
2-Opt operation as described in the previous section. We are experimenting with sev-
eral versions of crossovers including PMX and OX [32], in addition, we have devel-
oped a new and novel crossover operation which is efficient in computation time and
contribution to solution quality. Moreover it has a good fit with the electro-optical
architecture, thus it is efficiently implemented on the VMM. The new crossover
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operator is an extension of an operator proposed in [13]. It involves the following
operations: First, the cycle is split into two distinct paths at an arbitrary point. Each of
the paths is going through two different mutations and then the complementary paths
are recombined to generate new cycles. The advantage of this method is that it does
not require a repair operation after the recombination since the parts of the path that
are recombined are mutually exclusive. To further explain, let C; be a chromosome.
The path represented by C; is divided into two mutually exclusive paths. That is, the
two paths span the graph vertices and have no common vertices. The two path are
represented by the chromosomes C;; and C;,. Next C;; and C;, are going through
two mutations generating C'y;, C";;, C'i3, and C";,. Finally, the partial paths are
recombined to generate two new cycles. The two new cycles are selected arbitrarily
from the four valid recombination options. For example, the two new paths can be the
cycles which correspond to the recombinations C;, = C';4]||C";, and C', =

C"11||C";, (the operator || stands for concatenation of one chromosome in the inter-
nal point of another). Since the two parts of the chromosomes are mutually exclusive
with respect to vertices there is no need for a repair operation.

5 Simulation Results

At this stage only the ITHC simulation has been completed. The GA based search is
in advanced stages of development. With respect to ITHC we have performed
experiments with randomly created graphs as well as graphs taken from the TSPLIB
set of benchmarks [36]. In this section we show the results of the search as well the
computation of the speedup that can be obtained by the VMM.

Figure 3 shows the result of running the ITHC with randomly created graphs and
demonstrates a speedup of more than 4x, obtained with GE and caching in a problem
with 40 vertices (cities). So far, we have addressed problems with randomly generated
graphs of up to 100 cities and obtained a speedup of about 4x. Note that this speedup
is due to the greedy enumeration and caching and is not related to the VMM speedup
detailed below.

Table 1 shows the results of running the ITHC with TSPLIB benchmarks. The ex-
periments include greedy enumeration without cache. On the other hand an “infinite”
memory model is assumed. That is, all the steps of all the climbers are stored in mem-
ory. Since the number of climbers is limited (1 million in these experiments) the
available memory is sufficient to store the entire set of steps.

The quality of the cycles is good. In several cases the cost of a cycle is the same as
the best cost reported in TSPLIB in other cases a degradation of up to 1.5% is observed.
This is tolerable given the simplicity and practicality of ITHC. In addition, real applica-
tions might include many more climbers. The dedicated memory demonstrates the any-
space features of the GE algorithm [29,30]. It also demonstrates the redundancy (%Dup)
or the upper limit for improvement with cache (90% in some cases).

5.1 The VMM Contribution to the Speed-Up of the ITHC Based TSP Solution

We start with an upper bound on the speedup that can be obtained using the VMM
with a problem of 256 cities (which requires a vector of 256 weights), then we show
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the results of simulation with 100 cities. For the speedup simulation we are making
the following assumptions: 1) the controller is working at 2 GHz or more. 2) The con-
troller bus to memory is operating at 2 GHz, and 3) The VMM is operating at a rate of
125MHz. Note that assumptions 1 and 2 are conservative. The limiting factor is the
access rate to the bus and 2 GHz is above the current state of the art. Using a bus with
less bandwidth will increase the VMM speedup. Using a processor with higher fre-
quency will have a minor effect on speedup.

In the VMM system a butterfly requires 4 addition or subtraction operations and 4
accesses to memory. Hence, generating 256 butterflies takes about 3 ns. In addition

Instructions Required For TSP With 40 Cities

Greedy Enmreration

25000 Iterations
6000
5000
o
= 4000
Z B 16384 Sat= 4 Way
z W 8192 Sats 3-Way
3 3000 [ 4096 Sets 16Way
Z
Y 2000
3
E
1000
0
Mo Cache LFU Fandom LRU

Replacement Policy

Fig. 3. Number of instructions for a 40-city problem (GE)

Table 1. TSPLIB Benchmarks

Best % Dup

ulysses16 100 85.5
ulysses22 100 87.4

gr24 100 86.4

fri26 100 86.9

bays29 100 91.1
att48 100.2 93.6
gr4d8 1M 101.5 90.1
eil51 100.7 93.2
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the controller may need to retain a copy of the best cycle out of 256 cycles; hence 256
comparisons (subtractions) and additional 256 accesses to memory. This will take less
than 2 ns. Hence, real time operation is maintained. This means that the controller can
generate the vectors for the VMM in real time at a rate of operation of 125 million but-
terflies per second. Without the VMM, the controller has to calculate the cost of each
cycle and maintain the cycle with the best cost. In the worst case, each butterfly requires
copying the entire vector. Hence a butterfly involves 5 addition / subtraction operations
(one more addition to adjust the final cost) and 260 accesses to memory. Additional
overhead would be due to the need to maintain and update pointers to the memory. Un-
der the current assumptions this will take about 160 ns. Thus, a speedup of 20x is ob-
tained with the VMM. In the cases we ran with up to 100 cities, the simulation yields a
speedup of about 8x which complies with the calculation for vectors of 256 elements.

5.2 The VMM Contribution to the Speed-Up of the GA Based TSP Solution

Each generation (of life of chromosomes) includes a percentage of mutations and a per-
centage of crossovers thus creating the next generation. Generally, the percentage of
mutations is low; sometimes as low as 1%. Additionally, the size of the population with-
in a generation is generally in the order of one hundred hence the fact that the VMM can
hold 256 vectors at a time fits well with the population number. In one of our models a
population size of 256 is used along with the PMX and OX crossovers. In the second
model, the VMM holds up to 128 vectors representing 128 cycles each of which is di-
vided into two mutually exclusive parts. This supports our new crossover operation.
Under this model, we can efficiently handle TSP instances with up to 512 cities.
Mutations are implemented as 2-Opt and are identical to the 2-Opt operations in
the ITHC. Hence the speedup of the VMM for mutations is expected to be the same.
In the worst case a classical crossover operation requires recalculating the cost of a
cycle hence the classical crossover may require 256 additions as well as 256 memory
writes. We assume that addition operation takes half of the time of memory access
operation. Hence, the speedup due to the VMM is expected to be about 30X. The new
crossover requires 512 additions and memory writes. Thus, problems with a large
number of cities may be subject to a speed-up of 50x or more due to the VMM.

6 Conclusions and Proposals for Further Research

We presented a new state space representation which enables efficient implementation
of TSP solution algorithms including hill climbing and genetic algorithms with a large
number of cities as well as exhaustive search with a relatively small number of cities.
The representation uses a weight incidence vector, a data structure that holds the
weights of edges that are traversed by a given Hamiltonian cycle. In addition, we have
presented the mapping of exhaustive search, ITHC, and GA TSP solution algorithms
to a newly proposed electro-optical VMM architecture.

We have performed a set of experiments with a sequential architecture and a simula-
tion of the effect of a proposed parallel implementation where a controller prepares the
vectors according to a given algorithm and sends them in real time to the VMM. In
addition, the experiments demonstrate the effect of record keeping on the performance
of these heuristics [6,37]. The simulation based estimation of the contribution of VMM
to improved performance shows that the parallel electro-optical implementation has a
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potential speedup of 30x to 50x over sequential implementations in various variants of
the TSP algorithms.

In the future, we plan to explore porting additional parts of the search algorithm to
the optical unit. In addition, we will consider using an FPGA, ASIC, or other types of
dedicated hardware to implement an electrical unit that is designed for the TSP algo-
rithm. This unit will work directly with the SLM matrix and will supply a direct link
for exchanging information between the controller and the VMM. In addition, we
consider implementing other parts of the algorithm such as identifying the K best so-
lutions on the optical unit.
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Abstract. This paper presents a new weight incidence representation of Dynamic wavelength
addressing in optical fiber networks utilizing wavelength division multiplexing (WDM) can
form the basis for a high-performance, high-bandwidth, low-latency any-to-any interconnection
network. WDM optical fiber networks exploit the fact that photons of different wavelengths do
not normally interact, thereby enabling the transmission of many channels of data in parallel in
the same fiber by using photons of a different wavelength for each channel. Wavelength ad-
dressing is a networking concept that utilizes WDM technology to enable direct routing of data.
Each node in the network is assigned a specific wavelength that is considered its address. Data
transmitted in a certain wavelength on the network is read only by the node that was assigned
that wavelength as its address.

We demonstrate the effectiveness of this approach by considering the interconnection needs
of a storage area network (SAN). A SAN is a special-purpose interconnection scheme that
enables computer systems to view remote storage devices as local The underlying principle of a
dynamic wavelength addressing SAN (WASAN) is to add the existing SAN architecture a
dynamic multi-fiber WDM loop with dynamic add/drop capability to each node. A client re-
questing a data package sends its request to the SAN server to which it is connected. The SAN
management then allocates a fiber in the loop, and a wavelength on this fiber to this request.
This fiber-wavelength pair now constitutes a circuit that connects the client to the storage de-
vice that contains the requested data package. Data can now flow directly and continuously
from the storage device to the client. Upon completion of the operation, the fiber-wavelength
pair is released to the SAN management to be used for a different task.

The effectiveness of the WASAN is investigated in a series of simulations Indeed the WA-
SAN performance is superior to the respective SAN of similar sizes and with equal work loads.
It is clearly seen that the WASAN performance is significantly less sensitive when the average
package size is increased. Furthermore, adding load to the WASAN architecture in the form of
extra transmitting nodes does not create the congestion that is formed in the regular SAN archi-
tecture, therefore yielding better performance and greater scalability in system size as well as
data size.

A straightforward implementation of WASAN would equip each of the nodes in the network
with an expensive tunable laser source so that any wavelength can be assigned arbitrarily to each
node according to availability by the WASAN management. We investigate an alternative
scheme: the laser power grid. The laser power grid is a fiber network adjunct to the circuit switch-
ing network that carries raw optical power at the wavelengths that are used by the circuit switch-
ing network. The raw optical power is supplied from a battery of single wavelength lasers. Each
node is equipped with a special wavelength allocation device that upon request transfers optical
power at a prescribed wavelength to the node transmitter. This obviates the need for tunable laser
sources at each node, which significantly boosts the cost effectiveness of the WASAN.
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Abstract. Star tracker is one of the most important spacecraft attitude sensors
which can achieve accuracies within several arc-seconds utilizing star identifi-
cation and star tracking. The refresh rate and accuracy of star tracker are con-
strained as there are so many stars in the sky. A novel star identification and
tracking method for star tracker using optical correlator is proposed to solve this
problem of star map comparing and identification. The proposed optical corre-
lator can optically execute the correlation operation between current star map
and the standard star map constructed from the star catalog. The whole sky star
identification can be completed within 100ms due to the inherent parallel com-
puting ability of optical correlator. Star map motion can be tracking with an ac-
curacy of up to 1/100 pixel. Computer simulations and experiments indicate
that this method has great robustness to small signal-to-noise ratio, and improve
the performance of star tracker remarkably.

Keywords: Optical computing, Optical correlator, Star tracker, Star identification
and tracking.

1 Introduction

Star tracker is one of the most important spacecraft attitude sensors which can achieve
accuracies within several arc-seconds utilizing star identification and star tracking [1,
2]. It consists of an electronic camera and associated processor. The processor has the
capability to calculate the attitude through the approach of star identification between
the star map captured by the camera and the internal star catalog, which means that
the processor has to find the exactly location of the captured star map in the whole
night sky. This is a difficult problem because there are a huge number of stars in the
whole sky. For example, there are 45857 stars brighter than magnitude 8.0 Mv from
star catalog sky2000 (V4). The traditional star identification algorithms based on the
electronic processor have to simplify the problem to some extent as to complete the
task within several seconds [3-5]. As a result, the identification rate and accuracy are
limited, especially when the SNR of star map is low. To overcome these problems, we
proposed a novel star identification method for star tracker utilizing optical correlator.

Optical correlator, one of the most important optical parallel computing devices,
can provide fast identification and tracking capabilities. A joint transform correlator
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(JTC) is a kind of optical correlator performing correlation between two images at the
speed of light [6, 7]. Two digital input images (current and reference images) are
entered into the optical system of the JTC by a spatial light modulator (SLM), and the
JTC provides the correlation image. If both input images contain identically the same
target, the correlation image will contain two symmetric correlation peaks. The shift
of these correlation peaks relative to optical axis corresponds to the shift between the
current and reference input images. The position of peaks on the correlation image
and the corresponding shift value can be measured with sub-pixel accuracy using
standard centroid method. The JTC technique has shown a remarkable potential for
real-time matching and tracking applications, such as camera motion estimation [8,
9], visual navigation [10], automated rendezvous and docking [11].

We have developed a novel method for star identification and tracking utilizing op-
tical correlator. According to the theory mentioned above, if star map captured by the
camera and star map of the catalog are inputted in the JTC, the position of output
correlation peaks represents the moving between the two star maps, which can be
utilized to calculate the current attitude. Refresh rate of this approach is only limited
by the rate of SLM, which can achieve 1000~2000 frames per second [10, 12, 13],
and the whole sky identification can be completed in 100ms. As all the stars on the
map are used in the correlation, the accuracy and identification rate are improved
remarkably. What’s more, the noise of detector is not correlated with the stars; as a
result, noise can be reduced after the correlation operation.

2 Star Identification

Star identification in the sensor field is the main difficulty of attitude estimation for
star tracker. Once a correct match is made, there are reliable methods for generating
attitude. Hence, for star tracker, star identification is an essential and important part
that directly affects the capability of star tracker [4]. The problem is illustrated in Fig.
1 where a star tracker images a small portion of the night sky which it must identify
[2]. The image includes uncertainties in the magnitude and in the positions of the
stars. Also, false objects may be present in the image. The star tracker is required to
solve the problem in a few seconds.

Star map of whole sky

Star map captured by
the camera

=[]

Fig. 1. Whole sky star identification in the sensor field
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During the last three decades, a lot of strategies based on the electronic processor
had been proposed, such as polygon algorithm, match group algorithm and genetic
algorithm [3, 4, 14, 15].The basic approach can be described as follows: First, estab-
lish the internal guide star catalog; Then, extract stars from the current image captured
by the camera; Finally, match the captured stars with the guide stars. They all charac-
terize stars relative to their nearest neighboring stars in the image and typically utilize
distances, angles and/or brightness.

In principle these identification strategies are serial systems. In those systems, one
observation vector is compared with one guidance vector in a match operation, and
the best match is made through iterative operation. As a result, if there are N guidance
vectors (stars from catalog) and the number of observation vectors (stars captured by
camera) is M, the number of iteration is N™ for a complete star identification. Hence,
these identification strategies have to reduce the vectors to maintain the iteration in an
acceptable time limit, which actually restrains the identification rate and the accuracy.

We proposed a novel approach utilizing optical correlator to take advantage of the
inherent performance of parallel processing, high speed and vast parallelism in order
to realize no reduction whole sky star map identification.

3 Optical Correlator for Star Identification

3.1 The Principle of Optical Correlator

The schematic diagram of a joint transform correlator is shown in Fig. 2, in which
both the target image function #(X, y) and the reference image function r(x, y) are
placed side-by-side in the input plane. The amplitude transmittance of plane Py is

g.(x,y)=t(x,y=b)+r(x,y+b) (1)
Ya . N y
4 L, BS. L
~ Y |
753’ V \

Fig. 2. Optical joint transform correlator. (P: Input Plane, P: Transform Plane, P,: Output
Plane, B.S.: Beam splitter , L;_,: Fourier Transform Lens).
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Where the center-to-center separation of the two function is 2b. Fourier transform lens
(L) forms the Fourier transform of g; (x,y) at plane P,. The intensity of this trans-

A 2
form| gi(f , 77)| is recorded by a CCD camera placed on P; plane, which is called

joint transform spectrum (JPS):

8. Emf =[f&n)| +|pEmf
+1(&,mF (&, m) exp(— jaznb) )
+1 (&,mF(E,m)exp(— jamnb)

Now, the JPS is displayed on P, plane and illuminated by a normal plane wave (using
the beam splitter BS). The correlation of #(x”, y) and #(x’, y")is obtained on plane

P,at y' =+2b by L, inverse Fourier transform:

g, (X, Y)=t(xX,Y)®1(X, y)+r(x,y)®r(x,y")
+1(xX, Y)®r(x, y) x0(x’, y - 2b) 3)
+r(xX, y)®t(x, y)* 5(xX, y' +2b)

Where functor @ stand for correlation operation, * stand for convolution operation.
The third and fourth item of Eq. (3) denote target image and reference image’s cross-
correlation, which center respective lie in position (0,2b) and (0,-2b) of P, plane. They
are a pair conjugated cross-correlation peaks, which corresponding two bright spots in
optical experiment if the target image and the reference image was exactly the same
one. It is obvious that the shift of these correlation peaks relative to optical axis corre-
sponds to the shift between the current and reference input images. Therefore, the
location of target image can be tracked using the position of these correlation peaks.

3.2 Star Identification and Tracking Utilizing an Optical Correlator

Star map can be tracked by the JTC. Star map captured by the CCD and standard star
map constructed from star catalog are displayed on plane P,. If the star map captured
by the CCD is identified with the reference star map (or party of the reference star
map), correlation peaks are obtained on plane P, as shown in Fig. 3. Hence, it’s not
necessary to identify each star in star catalog as traditional star tracking method does.
And the position of the correlation peaks can be calculated with sub-pixel accuracy
through standard centroid algorithm. After detecting the correlation peaks, the star
map motion is obtained using the difference between the reference correlation peak
and the new correlation peak coordinates through Eq. (3).

It can be assumed that the input star map #(x, y) includes pure star map r (x, y)and

noise n(x,y). The correlation peak function from Eq. (3) can be written as:
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Correlation
Peak

R
Joint Transform\ | -R RS
Correlator
[ ]

Correlation
Peak

Input Plane Py Output Plane P,

Fig. 3. Star tracking utilizing an optical joint transform correlator

g, (X, y) =1, y) ®r(x, y)* 8(x', ¥y~ 2b)
=(r,(x, y)+n(x', y) @ r(x’,y)*6(x', y' - 2b)
=r,(x,Y)®r(x, y)*8(x",y'~2b)
+n(xX', Y)®r(x,y)*o(x', y' —2b)

“)

Because noise 71(X, y)is not correlated with reference image r(x,y), the second

item of Eq. (4) can be ignored. Hence the SNR is improved and the accuracy is in-
creased accordingly.

3.3 Whole Sky Star Identification

In fact, only a small portion of the star map of the whole sky star catalog can be dis-
played in the input plane mentioned in section 3.2 due to the physical scale of the
SLM and optical system. Therefore, we construct a spherical triangulation [16] of the
whole sky star map, dividing the whole sky star map into 100 patches. When the SLM
of 1000 frame per second is applied, the whole sky identification can be completed
within 100ms.

4 Simulation and Experimental Results

Fig. 4 illustrates the prototype to evaluate the performance of the joint transform
optical correlator for star tracker. In the prototype, the input image (including the
current star map and the standard star map, as shown in Fig. 5(a) will be inputted
and displayed by an electrically addressed spatial light modulator (SLM). The joint
transform power spectrum will be detected by a CCD camera and then be inputted
again to the SLM. And the correlation output will be detected by the camera.
The joint transform power spectrum detected by the CCD camera is shown in Fig.
5(b), and the correlation output of the optical joint transform correlator is shown in
Fig. 5(c).
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@

Computer

YY

CJoe

Fig. 4. The prototypes of joint transform optical correlator for star tracker. (1.Camera of star
tracker 2.Computer 3.Optical correlator 4.Spatial light modulator (SLM) 5.Wave plate 6. Polar-
izing beam splitter (PBS) 7.Fourier transform lens 8.Mirror 9.CCD camera 10.Laser).

a. Input image (left: star map captured by the camera, right: standard star map)

Fig. 5. Experiment results
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Correlation Peak

Caorrelation Peak

b. Joint Transform Spectrum c. Correlation Image (Output Image)

Fig. 5. (continued)

It’s obvious that the position of the correlation peaks can be calculated easily from
the correlation image. Hence, star tracking can be completed by tracking the correla-
tion peaks without star identification. The simulated star position errors under differ-
ent SNR of classical centroid method and optical correlator method are shown in Fig.
6. Obviously, the method using optical correlator strongly improves the accuracy
performance, which means that shorter expose time is needed using optical correlator
method to achieve the same accuracy level.

0.2 T T T T T T T T

o

N

©
T

—— Classical centroid method
-------- Optical correlator method

© o o
O G
N E (o))
T T T

Star position error (pixel

Fig. 6. The star position errors under different SNR of classical centroid method and optical
correlator method



152 J. Hui et al.

5 Discussion and Conclusion

A novel star identification and tracking method for star tracker utilizing optical corre-
lator is reported. The optical correlator can optically execute the correlation operation
between the star map captured by the camera and the standard star map constructed
from the star catalog. The proposed system can reduce the time consume of no reduc-
tion whole sky star identification to about 100ms due to the vast parallel operation of
the optical correlator. The star map position can be calculated from the correlation
peaks exactly. Computer simulations and experiments indicate that the tracking
method using optical joint transform correlator has great robustness to small signal-to-
noise ratio, and improve the accuracy performance of star tracker remarkably. There
are still some problems such as the noise introduced by the optical system itself and
the rotation map identification. For future on board application, much attention should
also be paid to the system size and mass.
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