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OPO-Based Ising Machines; Progress and Outlook
OPOICEDUA T Tr=I v BREIES

Stanford University Alireza Marandi (7L <52 71)
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Research on OPO-based Ising machines has been
actively making progress since its conception in 2013
both on the theory and experiments, and yet there are
several unknowns. The very first theoretical and
numerical studies were based on a semi-classical model
of OPOs, which resulted in promising predictions of the
operation of the machine. Later on, we discovered that
by using a more advanced model, one can expect
possibility of quantum entanglement in the OPO
network. Such nonlocal interactions between the OPOs
are very interesting and leave an open question of
whether they can lead to any benefit for computation or
not. More recently, we have been exploring the
importance of higher-order modes in operation of the
OPOs. These higher-order spectral/temporal modes exist
in the experiment and add an interesting level of
complexity to the behavior of the OPO-based Ising
machines both on the quantum and classical sides, and
can potentially affect the computation.

On the experiment side, we have realized free-space
OPO networks of size N=4 and N=16 resulting in 100%
success rate for two instances of NP-hard MAX-CUT
problems. Our recent efforts have been focused on
realization of guided-wave OPOs that can enable
implementation of N>10,000. At Stanford, we have
achieved stable operation of an N=160-OPO system, and
recently at NTT a similar design is used to achieve
N>1000. Currently, our experimental focus at Stanford
has been realization of a measurement-feedback-based
Ising machine of N>100. Most parts of the experiment
are set up and we should be able to perform initial tests
in the near future. These experiments will pave the way

to achieve large-scale OPO-based Ising machines.
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Combinatorial Optimization in Driven-Dissipative Systems
ER 0 R X B G ieaEAb

sosk AR Timothée Leleu (54€3— VL)
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Many combinatorial
optimization problems are
equivalent to finding the
configuration of Ising spins o;
that minimizes the Ising
Hamiltonian H=3; ;w;0,0;. The
Coherent Ising Machine (CIM)
based on Degenerate Optical
Parametric Oscillators (DOPQO)
is a recently implemented[1] !
optical system that can solve Timothée Lelew (72— Jkb)
the Ising model by using pulses of light which phases
represent the direction of the Ising spins[2]. This system is
dissipative and its computational principle relies on the
approximate mapping of the Ising Hamiltonian by the
configuration-dependent loss landscape. By setting the
parameters at proximity of the “static” phase transition for
which only the spin configuration that has maximum loss is
stable, the CIM can find the solution of the Ising model[2].

We have generalized the framework of the CIM by
considering the effect of driving signals with characteristic
frequency f and introduced a novel computation scheme
for solving combinatorial optimization problems using
driven-dissipative systems[3]. Such systems exhibit a
non-equilibrium phase transition between the phases
called symmetry-restoring and symmetry-breaking
oscillations for which the DC component -- or
time-average -- of the system state is zero and non-zero,
respectively. The transition between these two phases is
called a dynamic phase transition and occurs at a critical
frequency f. of the driving signal (see Fig. 1 (A)).

When driving the CIM using phase-shift keying
modulated signals, the effective loss landscape of the DC
components maps more accurately the Ising Hamiltonian
than in the non-driven case because the driving signal
forces the system states to saturation. Consequently, the
driven CIM tuned at proximity of the dynamic phase
transition can find configurations of lower Ising
Hamiltonian, i.e., with a better fitness value (see Fig. 1 (B)).
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SOLROERIKREIR. RODCHKS (BEIFI) 0L L0
(2532 DM, $hEHEMFRMEEED (symmetry-restoring) 16
EXFFRMEDTE N 7= (symmetry- breaking) D IER CIHEF &8
BRI, COEEGRZIIHBERR CIFITERENES DR
REKEEICHWTERINS (Fig.1(A)) o

MBS TNERED I E—V B TCAMEEREI T3¢, DCH
POEBR (RECEROREE) B 1T NINNZT L %FE
e AimE SWHERICY YT T3, ChIdBREESH REL
REEISEDI B0 THBEMEREND, BREL T, EBRIEERE
SHETHREINACIMIEENMENIRIF - ThbbiREE
BISEWAE B2 R DI 52N IEEE 5 (Fig.1(B)) o
[1] A. Marandi, Z. Wang, K. Takata, R. Byer, and Y. Yamamoto. Nature
Photonics, 2014.

[2] Z. Wang, A. Marandi, K. Wen, R. L Byer, and Y. Yamamoto.
Physical Review A, 88(6):063853, 2013.

[3] T. Leleu, Y. Yamamoto, S. Utsunomiya, and K. Aihara. Submitted,
2016.
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Figure 1: (A) Dynamic phase transition in driven-dissipative systems. (B)
Comparison of the performance using static and dynamic phase transition for
solving 3D Edwards-Anderson models.
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WiREE  Peter McMahon (Stanford University)
WEERE RO B RRKRE. EiBRFEHEMR)

In the recent US-Japan Workshop on
New-Generation Computers, held at Stanford
University in December 2015, researchers from
two related communities spent two days
together to discuss progress in their respective
fields, and to identify common challenges and
approaches. The adiabatic quantum computing
/ quantum annealing (AQC/QA) community had
representatives from MIT, NASA, Google, and
ETHZ, amongst others, and the coherent
computing community was represented
primarily by researchers from NTT, NIl and
Stanford.

There are two main thrusts of research in the
AQC/QA community at present: the first is the
development of qubits with long coherence
times, and the study of plausible physical
designs that can integrate multiple such
long-coherence-time qubits. The second thrust
is the study of a series of large-scale (512- and
1024-qubit) machines built by a Canadian
company, D-Wave. The D-Wave machines are
constructed using poor quality qubits, in the
sense that their qubits have coherence times
much shorter than the time it takes to execute a
single computation. Therefore their qubits do
not retain their quantumness for a large fraction
of a computation. However, the theoretical
understanding of how much quantumness is
necessary in order to obtain a quantum
speedup (an improvement in a computation’ s
runtime, relative to a classical computer’ s
attempt at the same computation) is lacking,
and the current approach is a rather heuristic
one: instead of trying to prove theoretically
what is necessary to obtain a quantum
speedup, researchers are running benchmarks
on the D-Wave machines and hoping to find
certain problems that exhibit a quantum
speedup. This effort has been underway for

215 : CIS-X Auditorium, Stanford University

three or four years now, and some of the latest
benchmark results were reported at the
US-Japan workshop. The groups working on
developing high-quality qubits presented their
progress, and they are aiming to produce
prototype machines with up to 100 qubits in
the next 5 years. These prototypes may help to
clarify the importance (or lack thereof) of the
coherence times of the qubits, and of the
connectivity of the qubits.

The coherent computing community
presented several theoretical and experimental
results. Currently the largest computation of a
hard (NP-hard) problem that has been solved in
this class of machine is one with only 16 bits.
The focus of the efforts in this community at
present is on scaling to much larger numbers of
bits. The benchmarking studies performed on
D-Wave machines are of great interest, since
they have already helped to formulate a good
approach to comparing the performance
between an annealing machine and a classical
computer, and have tried to find hard instances
for classical computers.

Overall the workshop was a good opportunity
for the coherent computing community to
showcase their work to their counterparts in the
AQC/QA community, and to see some of the
state-of-the-art work being done by the QA
community in benchmarking non-classical
annealers.
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1zEEM D HIEE. DOPODERBHZNDI 1
FITAEUTHRIRTEBEHBPN HEUZ, 7
LT\ IEPRIVER VAT [2] EDLEEEE
BETEICKIITV. ZCTELRREFETILDE
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[1] H. Goto, arXiv:1510.02566 [quant-ph] (2015) .

[2] K. Takata, A. Marandi and Y. Yamamoto, Phys. Rev. A
92, 043821 (2015) .
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