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Abstract

Analog Ising machines (IM) are dedicated hardware solvers designed to solve NP hard optimization
problems. However, often the system gets trapped in local minima, restricting the chances of finding the
desired global minimum. We showed that injecting large noise substantially improves the time-to-solution
and success rate of an IM. While noise-injection as a standalone scheme is the best option for small
problems, annealing combined with the injection of noise of a significant amplitude gives the best efficiency
for larger and more complicated problems. Furthermore, we predict analytically and confirm numerically
the existence of an optimal noise strength, which optimizes both the TTS and success rate. We show that
the optimal noise strength is defined by simple system characteristics, such as the problem connectivity and
the coupling strength. Additionally, the coupling strength can simply be chosen as high as is technically
feasible, as the TTS decreases with increasing coupling strength. Both observations together give rise to
high-performing IMs without the need for costly parameter scans.

Introduction

Ising machines (IM) are specialized physics-inspired computing devices designed to solve NP hard
combinatorial optimization problems. These problems are prevalent in various fields such as logistics,
finance, telecommunications, and many others. Solving this type of problem on a traditional von Neumann
architecture consumes an excessive amount of time and computing power. Hence, a more efficient way of
solving these problems is needed. IMs offer a promising approach to efficiently tackle these optimization
problems. There already exist multiple hardware implementations of the IM. Optical implementations are
promising as they potentially offer several advantages over electronic implementations, such as higher
bandwidth, lower latency, lower energy consumption, and massive spatial multiplexing [1].

IMs are inspired by the NP-complete Ising problem, where the goal is to find the spin configuration 6 of a

spin network that minimizes its energy:
N
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Here J;; is the coupling matrix between the spins and N is the number of spins.

Here, we focus on IMs that encode the spins in analog variables, which are easily implemented in optical
hardware, such as optical parametric oscillators, optical Kerr resonators, or MZM-based opto-electronic
oscillators. The analog spin values (be it optical phase or optical intensity) will evolve over time and
naturally tend to go towards the ground state. However, they are often trapped in local minima, hindering
the performance of the IM. While several schemes exist to increase the chance of escaping local minima,
often these schemes need extensive parameter tuning, which is again computationally expensive. Injecting
noise provides a mechanism for escaping these minima and improving solution quality with a low number
of hyperparameters. Based on numerical simulations, we study the effects of injecting large noise by
comparing this approach against other state-of-the-art schemes, with the success rate and the time-to-
solution (TTS) as metrics.

Models and benchmarks

The spin amplitude evolution can be modelled by a differential equation. There are several differential
equations used to model the spin amplitudes, depending on the exact hardware implementation. Here we
will use the following differential equation. This is a well-studied way of simulating and describing Ising
Machines [2] and allows us to use only two tunable parameters, the coupling strength 8 and the noise
strength y.
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Figure 1: (a,c) The spin amplitudes and (b,d) energy evolution of a MaxCut problem from the BigMac
library with small (a-b) and large (c-d) noise injection.
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Here F(t) represents Gaussian white noise and x; are the spin amplitudes with 6; = sign(x;). In this study,
the differential equation will be simulated numerically using the Euler method.

We will investigate the influence of noise on the ability to find the ground state for two different schemes.
In the first scheme, noise is injected at every iteration step, without any change to the system parameters,
so the coupling strength and the noise strength remain constant during the whole evolution. The noise can
induce spin flips even when this is not energetically favorable, allowing the system to explore a broader
region of the phase space.

In the second scheme, the coupling strength will be annealed linearly, starting from 0. Here, annealing
means that the coupling strength is slowly increased with an annealing speed v, while the noise strength
remains constant. Thus, the influence of the noise will gradually decrease over time, as the coupling term
will become more important. Slowly annealing the coupling strength can increase the success rate to almost
one. However, while for some problems annealing works good (success rate close to one without noise),
this is not the case for all types of problems [3]. Therefore, noise injection can help the system to
consistently reach the desired global minima.

We will explore the influence of the noise strength using MaxCut problems without bias. In MaxCut
problems, one tries to find the cut of a graph that maximises the number of connected vertices that are
separated by this cut. Such problems are often investigated with IMs, as there is an easy transformation
from MaxCut problems to Ising problems. We use instances from the BigMac library and the SuiteSparse
Matrix Collection. Furthermore, extra problems are generated using rudy, a random graph generator that
was also used to generate the MaxCut instances from the BigMac library.

Results

Here, we study the effect of Gaussian noise, with the objective of maximizing the success rate and
minimizing the time-to-solution (TTS). When these two goals do not align, the TTS is prioritized, as we
consider it to be the most relevant metric for assessing the efficiency of IM. To illustrate the impact of the
noise strength, we begin by examining the MaxCut instance g05 60.3 of the Biq Mac library. This is a
problem with 60 spins and has -191 as the ground state energy. We compare the spin amplitude and energy
evolution forf = 3andy = 0.1ory = 9.4 in Figure 1. For the low noise strength (see Figure 1(a,b)),
the spin amplitudes start from their almost zero position and then evolve naturally to a clear 'up' or 'down'
position. The energy quickly drops down, but never reaches the ground state energy. After t=1, there seems
to be no change in spin amplitude and energy. Notice that there is a substantial difference between the
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Figure 2: The success rate (a,b) and TTS (c,d) for Maxcut instance g05 60.3 as a function of
the noise strength for several values of coupling strength or annealing speed for the scheme
without annealing (a,c) and with annealing (b,d)

amplitudes of the spins, often referred to as amplitude inhomogeneity. Amplitude inhomogeneity increases
the chance of the spins getting stuck in non-optimal spin configurations. To ensure that the spins do not
freeze out in a local minimum, it is beneficial to add higher noise. The corresponding evolutions are
displayed in Figure 1 (c,d). Due to the high noise input, the spin amplitudes seem to change constantly, and
the clear distinction between ‘up’ and ‘down’ spins is gone. While the energy also drops quickly, it
fluctuates more now. Eventually, the energy does reach the ground state energy. These observations from
Figure 1 are confirmed by the success rate and TTS. Over 100 runs, the success rate for the low noise case
Y = 0.1 is still 0, while the success rate for y = 9.4 is 0.99 with a TTS of 26.1053.

Increasing the noise thus initially improves the SR and the TTS. However, when the noise becomes too
large, the system enters the regime of Boltzmann sampling. This immensely reduces the chance of finding
the global minima. So there exists an optimal noise strength, which is also confirmed by numerous
parameter scans over the noise strength and the coupling strength for the MaxCut problems. This is shown
in Figure 2, where the success rate (a,b) and the TTS (c,d) are plotted as a function of the noise strength for
the MaxCut instance g05 60.3 of the BigMac library. We investigate this problem with and without
annealing. This is done for 3 different values of coupling strength or annealing speed, to visualize the
influence of the coupling strength or annealing speed on the optimal noise strength. Both with and without
annealing, there is an optimal noise strength, and this depends on the choice of the coupling strength or
annealing speed. Notice that the annealing speed and the coupling strength have a similar influence on the
system, as the annealing speed determines which coupling strength is reached during the numerical
simulation. A higher coupling strength or a higher annealing speed results in a higher optimal noise strength.
Furthermore, a higher coupling strength increases the success rate and minimizes the TTS for the optimal
noise strength.

So, this optimal noise strength depends on the coupling strength, and similar problems seem to have the
same optimal noise strength. This was checked for problems ranging from 60 to 2000 spins, with coupling
matrices with J;; € [-10,10] and with connection densities of 0,01 to 0,99. All problems showed the
presence of an optimal noise and its dependence on the coupling strength, the range of J;; and the average
number of connections per spin. For all investigated problems, we noticed that the coupling strength should
be chosen as high as physically possible. By choosing a feasible coupling strength, the optimal noise
strength can be predicted a priori. Predicting the optimal noise strength generally leads to TTS close to the
minimal TTS, without the need for time-consuming parameter scans.



Conclusion

We demonstrate the existence of an optimal noise strength that optimizes both the TTS and the success rate.
This optimal noise strength can be predicted using the coupling strength, the range of J; and the number
of connections per spin. Since the coupling strength can simply be chosen as high as physically possible,
the existence of this predictive relationship eliminates the need for further time-consuming parameter
tuning.
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