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Abstract: Classical analog processors are now solving hard Computer Science problems that were 

thought to require a Quantum Computer. There are now classical machines that solve Ising type 

optimizations, opening the door toward other NP-hard problems as well.   
OCIS codes:  

 

1. Many types of classical machines give amazing results: 

 There has emerged recently a number of classical analog processors that can rapidly discover solutions to 

optimization problems.  Here, we will briefly review some of the emerging analog hardware methods for solving 

NP-hard problems. 

 For example, there are several approaches exist for realizing an Ising machine using a network of coupled 

quantum oscillators including in nonlinear optics. One example is the Coherent Ising Machine, which uses a 

collection of time-multiplexed degenerate optical parametric oscillators to implement an Ising graph [1]. The 

individual spins are phase-bistable oscillations that propagate through a very long fiber ring, and are coupled 

together by a measurement-feedback scheme implemented using a field-programmable gate array (FPGA). The 

Coherent Ising Machine was motivated by the first-to-threshold principle of optimization, in which the parametric 

gain that is provided to the system is gradually ramped up from zero until a stable collective oscillation develops in 

the fiber ring. The first such stable oscillation is the mode with the least loss and, ideally, represents the global 

minimum of the problem. The Coherent Ising Machine has achieved good performance on large benchmark 

instances of the Ising and Max-Cut problems, with 2,000 or more spins [2].  

 We will show in this paper, that it is also possible to implement the first-to-threshold principle on other 

platforms, such as a network of coupled LC electrical oscillators. 

 It was also shown that any network of phase-bistable self-sustaining (rather than externally pumped) 

oscillators can naturally minimize the Ising Hamiltonian, as long as the oscillators are injection-locked to a shared 

synchronization signal at twice the natural frequency [3]. This analog local search can be combined with intrinsic 

physical noise to rapidly sample the minima of the problem, leading to good performance in numerical simulations 

on large optimization problems. 

 There have also been approaches that directly implement the simulated annealing algorithm in analog 

hardware. These include networks of SRAM cells connected by CMOS logic gates [4] and neural networks on 

memristive crossbar architectures that exploit the intrinsic noise in memristor devices [5,6]. While simulated 

annealing is a heuristic that can be implemented on a digital computer, analog processing can offer the advantage of 

continuous-time communication between computational elements (a powerful form of parallelism) and access to 

true random number generators, in the form of physical noise. 

 Optimization machines have also been constructed from a network of invertible logic gates, rather than 

elements that store binary information. Many digital operations are simple to evaluate in the forward direction but 

very difficult to do in reverse; for instance, multiplication and factorization. A circuit of invertible logic gates, 

whose states self-organize to ensure consistency with a given input, is a powerful method for finding the solutions to 

difficult optimization problems. Invertible logic gates have been proposed that use stochastic nanomagnets [7] as 

well as deterministic memristors [8]. 

 

2. Applications: 

 There is no shortage of difficult optimization problems in modern society. Many of these are motivated by 

our desire to allocate precious resources such as time, space, energy in the best way possible: e.g. finding the 

shortest route between points on a map (the so-called traveling salesman problem), efficiently scheduling 

computational tasks in a data center, packing objects of variable size into finite-sized containers, placing and routing 

components inside a large integrated circuit, and making accurate estimates based on observed data in machine 

learning. There are myriad examples of other problems with great practical as well as mathematical interest. 

 Two important features that are shared by many of these optimization problems are their universality and 
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their difficulty. It turns out that while these problems may arise in different fields, they are mathematically similar, 

and can be efficiently transformed into one of the canonical problems in the complexity class called NP-complete 

(or NP-hard). An algorithm or method that is efficient in solving any NP-hard problem can be usefully applied to all 

such problems [9].  Unfortunately, these problems are also intractably hard; no algorithm yet exists that can 

guarantee the global optimum to these solutions in polynomial time, and it is the standard opinion that no such 

algorithm exists that can be implemented on a conventional computer (i.e. a Turing machine). 

 This fundamental issue has inspired the exploration of alternative methods to solve difficult optimization 

problems, particularly those methods that are rooted in physical processes, which might not be subject to all of the 

known constraints of conventional computers that process information in a sequential manner. Efforts in quantum 

computing, for example, have been motivated by the desire to solve challenging mathematical problems, like prime 

factorization. However, such a processor need not be quantum mechanical.  

3.  Ising and other optimization machines 

 A particularly popular class of analog processors is the Ising machine, which is specialized for solving the 

Ising problem. In the problem statement, we are given an ensemble of N binary spins (σi = ±1) and their mutual pair-

wise interactions (given by real-valued weights Jij), where a positive value of Jij tends to align the two spins in 

parallel, as in a ferromagnetic interaction, and a negative value of Jij tends aligns the spins to point in opposite 

directions, as in an antiferromagnetic interaction. The objective is to find the arrangement of the N spins that 

minimizes their mutual interaction energy, given by the Ising Hamiltonian: 

                              (1) 

 In its most general formulation, where any spin can be coupled to any spin, the Ising problem has been 

shown to be NP-hard with a simple mathematical mapping to many canonical optimization problems. The graph 

nature of the Ising problem, along with its origin in solid-state physics, allows it to be embedded somewhat naturally 

in a physical architecture that resembles a decentralized network of individual computational elements, each of 

which encodes the value of a single spin. The D-Wave quantum computer, in which the spins are represented by 

individual qubits, is an example of an Ising machine. It arrives at the solution using the method of adiabatic 

optimization [10]. 

4.  Conclusion 

 A number of classical aalog computers have emerged for solving difficult combinatorial optimization 

problems, such as the Ising problem, that were previously thought to require the use of quantum computers. These 

developments may potentially have profound implications on the future of computation. 
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