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METHODS AND SYSTEMS FOR QUANTUM COMPUTING

[001]

BACKGROUND

[002] Quantum computing studies theoretical computation systems (quantum computers) that may
make direct use of quantum-mechanical phenomena, such as superposition and entanglement, to
perform operations on data. Systems of superconducting qubits are disclosed, for instance, in U.S.
Patent Application Publication Nos. US 2012/0326720 and US 2006/0225165. Such analogue

systems may be used for implementing quantum computing algorithms.
SUMMARY

[003] Recognized herein is the need for a quantum-ready or quantum-enabled software
development kit (SDK) that can broaden access to quantum computing while shielding users from
the quantum 'machine code.' Fast and efficient analysis of large data sets may be essential in many
fields, including financial analysis, social media, drug discovery, and job scheduling. Applications
in these fields may frequently solve computationally expensive NP-complete and NP-hard problems.
With the fast development of quantum computers, such as those by D-Wave Systems, Nippon
Telegraph and Telephone (NTT), IBM®, and Google®, platform agnostic software, which may be
compatible with both classical and quantum hardware, may be needed to enable users to leverage a

pre-built library of algorithms and solvers.

[004] Described herein is a software development kit (SDK) which may enable users to build
quantum-ready or quantum-enabled solutions. Such solutions may be executed on any of a number
of suitable platforms capable of performing quantum computing operations, such as a quantum
computing system (e.g., a quantum annealer, an Ising solver, an optical parametric oscillator (OPO),
a gate model of quantum computing, or another type of quantum computer). There are many
challenges faced by the use of a quantum computer, such as embedding issues, manual errors,
implementation effort cost, interfacing with hardware and optimizing to a polynomial unconstrained
binary optimization (PUBO), e.g., a quadratic unconstrained binary optimization (QUBO). SDKs of
the present disclosure may address these issues. To help address these challenges, a quantum-ready
1

Date Recue/Date Received 2022-11-03



or quantum-enabled software development kit (SDK) is developed to be usable out-of-the-box or
customized by advanced users, in which at least two or at least three layers, comprising an
algorithms layer, binary polynomial layer, and a solver layer comprising a common interface, are
provided to work together for providing solutions to an application input. Challenges in the design
of the SDK are such that it may be implemented in various layers, such as an algorithms layer, a

polynomial (e.g., binary) layer, and/or a common solver layer.

[005] In one aspect, described herein is a method for generating one or more instructions for
execution by a solver layer comprising a common interface, wherein the one or more instructions
are generated by a digital computer comprising at least one computer processor and memory, the
digital computer coupled to a quantum-ready or quantum-enabled computing system comprising the
solver layer, and wherein the solver layer executes the one or more instructions to generate an
output, the method comprising: a. accepting user input from an application at an application
interface, which application is executed on the digital computer; b. implementing one or more
algorithms, at an algorithms layer, that are solved heuristically or exactly depending at least in part
on requirements of the user input, wherein the one or more algorithms abstract away a complexity of
the application; c. transforming the one or more algorithms from the application space into the one
or more instructions in polynomial unconstrained binary optimization (PUBO) form; and d.
executing the one or more instructions in PUBO form at the common interface of the solver layer,
wherein the common interface comprises one or more polynomial unconstrained binary optimization

(PUBO) solvers that provide an interface that is agnostic to quantum or classical computers.

[006] In some embodiments, the quantum-ready or quantum-enabled computing system comprises
a quantum annealer, an Ising solver, an optical parametric oscillator (OPO), a gate model of
quantum computing, or another type of quantum computer. In some embodiments, the polynomial
unconstrained binary optimization (PUBO) form is a quadratic unconstrained binary optimization
(QUBO) form. In some embodiments, the one or more polynomial unconstrained binary
optimization (PUBO) solvers of the common interface of the solver layer comprise one or more
quadratic unconstrained binary optimization (QUBO) solvers. In some embodiments, the one or
more algorithms are transformed at the algorithms layer. In some embodiments, the one or more
algorithms are transformed using a binary polynomial layer. In some embodiments, the one or more
algorithms are transformed at a polynomial constrained integer optimization layer. In some

embodiments, the one or more algorithms are transformed at a polynomial constrained binary
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optimization layer. In some embodiments, the one or more algorithms are transformed by the
common interface of the solver layer. In some embodiments, the algorithms layer comprises one or
more of: max (maximum) k-quasi clique, chromatic number, graph similarity, coloring feasibility,
max co-k-plex, minimum clique cover, k-clique cover feasibility, linear knapsack, and balanced
partitioning. In some embodiments, transforming the one or more algorithms comprises the use of
one or more of: a transformation of the polynomial unconstrained binary optimization (PUBO) form
to a quadratic unconstrained binary optimization (QUBO) form, binary polynomial operations, and
efficient search in binary space. In some embodiments, the one or more polynomial unconstrained
binary optimization (PUBO) solvers comprise one or more of: D-Wave, multi-agent Tabu 1-Opt
solver, Tabu 1-Opt solver, PTICM solver, path-relinking solver, and a GPU-based simulated
quantum annealing solver. In some embodiments, the one or more algorithms are implemented using

a classical optimization system or a quantum oracle.

[007] Also described herein is a system for generating one or more instructions for execution by a
solver layer comprising a common interface, comprising: a. a quantum-ready or quantum enabled
computing system comprising the solver layer; b. a digital computer comprising at least one
computer processor, the digital computer coupled to the quantum-ready or quantum-enabled
computing system; c. a computer memory storing computer processor executable instructions which,
when executed by the at least one computer processor, implement a method comprising: i. accepting
user input from an application at an application interface, which application is executed on the
digital computer; ii. implementing one or more algorithms, at an algorithms layer, that are solved
heuristically or exactly depending at least in part on requirements of the user input, wherein the one
or more algorithms abstract away a complexity of the application; iii. transforming the one or more
algorithms from the application space into the one or more instructions in polynomial unconstrained
binary optimization (PUBO) form; and iv. executing the one or more instructions in PUBO form at
the common interface of the solver layer, wherein the common interface comprises one or more
polynomial unconstrained binary optimization (PUBO) solvers that provide an interface that is

agnostic to quantum or classical computers.

[008] In some embodiments, the quantum-ready or quantum-enabled computing system comprises
a quantum annealer, an Ising solver, an optical parametric oscillator (OPO), a gate model of
quantum computing, or another type of quantum computer. In some embodiments, the polynomial

unconstrained binary optimization (PUBO) form is a quadratic unconstrained binary optimization
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(QUBO) form. In some embodiments, the one or more polynomial unconstrained binary
optimization (PUBO) solvers of the common interface of the solver layer comprise one or more
quadratic unconstrained binary optimization (QUBO) solvers. In some embodiments, the one or
more algorithms are transformed at the algorithms layer. In some embodiments, the one or more
algorithms are transformed using a binary polynomial layer. In some embodiments, the one or more
algorithms are transformed at a polynomial constrained integer optimization layer. In some
embodiments, the one or more algorithms are transformed at a polynomial constrained binary
optimization layer. In some embodiments, the one or more algorithms are transformed by the
common interface of the solver layer. In some embodiments, wherein the algorithms layer comprises
one or more of: max (maximum) k-quasi clique, chromatic number, graph similarity, coloring
feasibility, max co-4-plex, minimum clique cover, k-clique cover feasibility, linear knapsack, and
balanced partitioning. In some embodiments, transforming the one or more algorithms comprises the
use of one or more of: a transformation of the polynomial unconstrained binary optimization
(PUBO) form to a quadratic unconstrained binary optimization (QUBO) form, binary polynomial
operations, and efficient search in binary space. In some embodiments, the one or more polynomial
unconstrained binary optimization (PUBO) solvers comprise one or more of: D-Wave, multi-agent
Tabu 1-Opt solver, Tabu 1-Opt solver, PTICM solver, path-relinking solver, and a GPU-based
simulated quantum annealing solver. In some embodiments, the one or more algorithms are

implemented using a classical optimization system or a quantum oracle.

[009] Also described herein is a non-transitory computer-readable medium comprising machine-
executable code that, upon execution by one or more computer processors, generates an application
that is executable by a digital computer comprising at least one computer processor and memory to
generate one or more instructions for execution by a solver layer of a quantum ready or quantum-
enabled computing system, the solver layer comprising a common interface, to generate an output,
the application comprising: a. a software module programmed or otherwise configured to accept
user input from an application at an application interface, which application is executed on the
digital computer; b. a software module programmed or otherwise configured to implement one or
more algorithms, at an algorithms layer, that are solved heuristically or exactly at least in part
depending on the requirements of the user input, wherein the one or more algorithms abstract away a
complexity of the application; c. a software module programmed or otherwise configured to
transform the one or more algorithms from the application space into one or more instructions in
polynomial unconstrained binary optimization (PUBO) form; and d. a software module programmed
4
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or otherwise configured to execute the one or more instructions in PUBO form at the common
interface of the solver layer, wherein the common interface comprises one or more polynomial
unconstrained binary optimization (PUBO) solvers that provide an interface that is agnostic to

quantum or classical computers.

[010] In some embodiments, the polynomial unconstrained binary optimization (PUBO) form is a
quadratic unconstrained binary optimization (QUBO) form. In some embodiments, the one or more
polynomial unconstrained binary optimization (PUBO) solvers of the common interface of the
solver layer comprise one or more quadratic unconstrained binary optimization (QUBO) solvers. In
some embodiments, the one or more algorithms are transformed at the algorithms layer. In some
embodiments, the one or more algorithms are transformed using a binary polynomial layer. In some
embodiments, the one or more algorithms are transformed by the common interface of the solver
layer. In some embodiments, the algorithms layer comprises one or more of: max (maximum) k-
quasi clique, chromatic number, graph similarity, coloring feasibility, max co-k-plex, minimum
clique cover, k-clique cover feasibility, linear knapsack, and balanced partitioning. In some
embodiments, the transforming of the one or more algorithms comprises the use of one or more of: a
transformation of the polynomial unconstrained binary optimization (PUBO) form to a quadratic
unconstrained binary optimization (QUBO) form, binary polynomial operations, and efficient search
in binary space. In some embodiments, wherein the one or more polynomial unconstrained binary
optimization (PUBO) solvers comprise one or more of: D-Wave, multi-agent Tabu 1-Opt solver,
Tabu 1-0pt solver, PTICM solver, path-relinking solver, and a GPU-based simulated quantum

annealing solver.

[011] Additional aspects and advantages of the present disclosure will become readily apparent to
those skilled in this art from the following detailed description, wherein only illustrative
embodiments of the present disclosure are shown and described. As will be realized, the present
disclosure is capable of other and different embodiments, and its several details are capable of
modifications in various obvious respects, all without departing from the disclosure. Accordingly,

the drawings and description are to be regarded as illustrative in nature, and not as restrictive.
BRIEF DESCRIPTION OF THE DRAWINGS

[012] The novel features of the invention are set forth with particularity as described herein. A
better understanding of the features and advantages of the present invention will be obtained by

reference to the following detailed description that sets forth illustrative embodiments, in which the

5
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principles of the invention are utilized, and the accompanying drawings (also “Figure” and “FIG.”

herein), of which:

[013] Fig. 1 shows a non-limiting example of an architecture of a quantum-ready or quantum
enabled software development kit (SDK); in this case, a three-layer architecture comprising an
algorithms layer, binary polynomial layer, and a common solver interface layer (e.g., a solver layer
comprising a common interface) that provides solutions to application based on a quantum

computer.

[014] Fig. 2 shows a non-limiting example of an architecture of a quantum-ready or quantum
enabled software development kit (SDK); in this case, another embodiment of a three-layer
architecture comprising an algorithms layer, a binary polynomial layer (e.g., comprising constrained
integer programming or constrained binary programming), and a common solver interface layer
(e.g., a solver layer comprising a common interface) that provides solutions to application based on

a quantum computer.

[015] Fig. 3 shows a non-limiting example of an architecture of a quantum-ready or quantum-
enabled software development kit (SDK); in this case, an algorithms layer comprising components
comprising one or more algorithms, such as, for example, one or more of: max (maximum) k-quasi
clique, chromatic number, graph similarity, coloring feasibility, max co-k-plex, minimum clique

cover, k-clique cover feasibility, linear knapsack, and balanced partitioning.

[016] Fig. 4 shows a non-limiting example of an architecture of a quantum-ready or quantum-
enabled software development kit (SDK); in this case, a binary polynomial layer comprising one or
more components comprising, for example, one or more of’ a transformation of the PUBO to a
QUBO (Pubo2Qubo), Ising Support, polynomial structures and operations, efficient search in binary

space, and random polynomial generators.

[017] Fig. S shows a non-limiting example of an architecture of a quantum-ready or quantum-
enabled software development kit (SDK); in this case, a common interface of the solver layer
comprising one or more polynomial unconstrained binary optimization (PUBO) solvers, such as, for
example, one or more of: D-Wave, gray exhaustive solver, multi-agent Tabu 1-Opt solver, Tabu 1-

Opt solver, PTICM solver, and path-relinking solver.

[018] Fig. 6 shows a non-limiting example of an architecture of a quantum-ready or quantum-

enabled software development kit (SDK); in this case, a three-layer architecture comprising, for

6
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example, an algorithms layer, a binary polynomial layer, and a common solver interface layer

displayed with respective components.

[019] Fig. 7 shows a computer control system that is programmed or otherwise configured to

implement methods provided herein.
DETAILED DESCRIPTION

[020] While various embodiments of the invention have been shown and described herein, it will
be obvious to those skilled in the art that such embodiments are provided by way of example only.
Numerous variations, changes, and substitutions may occur to those skilled in the art without

departing from the invention. It should be understood that various alternatives to the embodiments

of the invention described herein may be employed.

[021] To build a platform agnostic quantum-ready or quantum-enabled software development kit
(SDK) that can broaden access to quantum computing while shielding users from the quantum
‘machine code,” there may be many challenges that may need to be overcome. When developing
applications for a quantum computer, for example, there may be embedding issues which may be
complex, computationally expensive, and recurrent. There may also be manual errors comprising
human error, non-trivial implementations, and debugging of errors. Another challenge may be the
implementation effort, which may be labor intensive and time consuming, thereby limiting iterative
testing of ideas. Interfacing with hardware may present other challenges such as faulty qubits, rapid
evolution, and architectural changes. Furthermore, optimizing to a polynomial unconstrained binary
optimization (PUBO) may present potentially time-consuming and recurring problems such as sub-
optimal expertise in quadratic optimization (e.g., in the case of a QUBO), for example, if not every

PUBQO is suited to the underlying quantum computing system.

[022] To overcome these challenges and to teach users to build quantum-ready or quantum-
enabled solutions, the quantum-ready or quantum-enabled software development kit (SDK)
described herein may enable users to leverage a pre-built library of algorithms and solvers. The
SDK described may enable development of applications that are ready to interface with an adiabatic
quantum computer (such as one produced by D-Wave Systems), an optical parametric oscillator
(OPO) (such as one produced by Nippon Telegraph and Telephone (NTT)), or devices based on
different technologies and architectures (such as those produced by IBM® or Google®). As quantum
computers continue to evolve, the SDK integrates their advancements with highly efficient classical

quadratic solvers to solve real-world problems. One of the challenges for this kind of SDK is to
7
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provide an extensive way to customize layers; hence, the described quantum-ready or quantum-
enabled software development kit (SDK) has been designed in a multiple-layer architecture, wherein

sophisticated users are able to control and add to lower layers according to their specific needs.

[023] Described herein is a method that may be operative to generate one or more instructions for
execution by a solver layer comprising a common interface, wherein the one or more instructions
are generated by a digital computer comprising at least one computer processor and a memory, the
digital computer coupled to a quantum-ready or quantum-enabled computing system comprising the
solver layer, and wherein the solver layer executes the one or more instructions to generate an
output, the method comprising: accepting user input from an application at an application interface,
which application is executed on the digital computer; implementing one or more algorithms, at an
algorithms layer, that are solved heuristically or exactly depending on the requirements of the user
input, wherein the one or more algorithms abstract away a complexity of the application;
transforming the one or more algorithms from the application space into one or more instructions in
polynomial unconstrained binary optimization (PUBO) form; and executing the one or more
instructions in PUBO form at the common interface of the solver layer, wherein the common
interface comprises one or more polynomial unconstrained binary optimization (PUBO) solvers that

provide an interface that is agnostic to quantum or classical computers.

[024] Also described herein, in certain embodiments, is a system for generating one or more
instructions for execution by a solver layer comprising a common interface, comprising: a quantum-
ready or quantum-enabled computing system comprising the solver layer; a digital computer
comprising at least one computer processor and a memory, the digital computer coupled to the
quantum-ready or quantum-enabled computing system; a computer memory storing computer
processor executable instructions which, when executed by the at least one computer processor,
implement a method comprising: accepting user input from an application at an application
interface, which application is executed on the digital computer; implementing one or more
algorithms, at an algorithms layer, that are solved heuristically or exactly depending on the
requirements of the user input, wherein the one or more algorithms abstract away a complexity of
the application; transforming the one or more algorithms from the application space into the one or
more instructions in polynomial unconstrained binary optimization (PUBO) form; and executing the

one or more instructions in PUBO form at the common interface of the solver layer, wherein the
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common interface comprises one or more polynomial unconstrained binary optimization (PUBO)

solvers that provide an interface that is agnostic to quantum or classical computers.

[025] Also described herein, in certain embodiments, is a non-transitory computer-readable
medium comprising machine-executable code that, upon execution by one or more computer
processors, generates an application that is executable by a digital computer comprising at least one
computer processor and memory to generate one or more instructions for execution by a solver layer
of a quantum-ready or quantum-enabled computing system, the solver layer comprising a common
interface, to generate an output, the application comprising: a software module programmed or
otherwise configured to accept user input from an application at an application interface, which
application is executed on the digital computer; a software module programmed or otherwise
configured to implement one or more algorithms, at an algorithms layer, that are solved heuristically
or exactly depending on the requirements of the user input, wherein the one or more algorithms
abstract away a complexity of the application; a software module programmed or otherwise
configured to transform the one or more algorithms from the application space into one or more
instructions in polynomial unconstrained binary optimization (PUBO) form; and a software module
programmed or otherwise configured to execute the one or more instructions in PUBO form at the
common interface of the solver layer, wherein the common interface comprises one or more
polynomial unconstrained binary optimization (PUBO) solvers that provide an interface that is

agnostic to quantum or classical computers.

[026] Described herein, in certain embodiments, is a system for storing data, comprising: a
quantum computing system that stores data as quantum bits; and one or more computer processors
coupled to the quantum computing system, wherein the one or more computer processors are
individually or collectively programmed to: accept user input from an application at an application
interface; responsive to the user input, use one or more algorithms to generate one or more
instructions for the quantum computing system, which one or more instructions are from a database
comprising instructions for a plurality of types of quantum computing systems comprising the
quantum computing system; and instruct the quantum computing system to perform the one or more

instructions.

[027] Unless otherwise defined, all technical terms used herein have the same meaning as

commonly understood by one of ordinary skill in the art to which this invention belongs. As used in

144 41

this specification and the appended claims, the singular forms “a,” “an,” and “the” include plural

9
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references unless the context clearly dictates otherwise. Any reference to “or” herein is intended to

encompass “and/or” unless otherwise stated.

[028] The term “qubit” and like terms generally refer to any physical implementation of a quantum
mechanical system represented on a Hilbert space and realizing at least two distinct and
distinguishable eigenstates representative of the two states of a quantum bit. A quantum bit is the
analogue of the digital bits, where the ambient storing device may store two states |0) and |1) of a

two-state quantum information, but also in superpositions
l0) + Bl1)

of the two states. In various embodiments, such systems may have more than two eigenstates in
which case the additional eigenstates are used to represent the two logical states by degenerate
measurements. Various embodiments of implementations of qubits have been proposed; e.g. solid
state nuclear spins, measured and controlled electronically or with nuclear magnetic resonance,
trapped ions, atoms in optical cavities (cavity quantum-electrodynamics), liquid state nuclear spins,
electronic charge or spin degrees of freedom in quantum dots, superconducting quantum circuits
based on Josephson junctions [Barone and Patemo, 1982, Physics and Applications of the Josephson
Effect, John Wiley and Sons, New Y ork; Martinis et al., 2002, Physical Review Letters 89, 117901]

and electrons on Helium.

[029] The term “system of superconducting qubits” and like terms generally refer to a quantum
mechanical system comprising a plurality of qubits and a plurality of couplings between a plurality

of pairs of the plurality of qubits, and further comprising a quantum device control system.

[030] The term “quantum computer” generally refers to a computer capable of performing
computation using quantum bits (qubits), which can be in superpositions of states. A quantum
Turing machine is a theoretical model of such a quantum computer, and is also known as the
universal quantum computer. Quantum computers share theoretical similarities with non-

deterministic and probabilistic computers.

[031] In some embodiments, a quantum computer comprises one or more quantum processors. A
quantum computer may be configured to perform one or more quantum algorithms. A quantum
computer may be able to solve certain problems much more quickly than any classical computers
that use even the best currently known algorithms, like integer factorization using Shor’s algorithm

or the simulation of quantum many-body systems. There exist quantum algorithms, such as Simon’s

10
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algorithm, that run faster than any possible probabilistic classical algorithm. Examples of quantum
algorithms include, but are not limited to, quantum optimization algorithms, quantum Fourier
transforms, amplitude amplifications, quantum walk algorithms, and quantum evolution algorithms.
Quantum computers may be able to efficiently solve problems that no classical computer may be
able to solve within a reasonable amount of time. Thus, a quantum computer disclosed herein may

utilize the merits of quantum computing resources to solve complex problems.

[032] Any type of quantum computer may be suitable for the technologies disclosed herein.
Examples of quantum computers include, but are not limited to, adiabatic quantum computers,
quantum gate arrays, one-way quantum computer, topological quantum computers, quantum Turing
machines, superconductor-based quantum computers, trapped ion quantum computers, optical
lattices, quantum dot computers, spin-based quantum computers, spatial-based quantum computers,
Loss-DiVincenzo quantum computers, nuclear magnetic resonance (NMR) based quantum
computers, liquid-NMR quantum computers, solid state NMR Kane quantum computers, electrons-
on-helium quantum computers, cavity-quantum-electrodynamics based quantum computers,
molecular magnet quantum computers, fullerene-based quantum computers, linear optical quantum
computers, diamond-based quantum computers, Bose-Einstein condensate-based quantum
computers, transistor-based quantum computers, and rare-earth metal-ion-doped inorganic crystal

based quantum computers.

[033] A system of the present disclosure may include or employ quantum-ready or quantum-
enabled computing systems. A quantum-ready computing system may comprise a digital computer
operatively coupled to a quantum computer. The quantum computer may be configured to perform
one or more quantum algorithms. The digital computer may comprise a memory and at least one
computer processor. The computer memory may include a computer program with instructions
executable by the at least one computer processor to render an application. The application may
facilitate use of the quantum computer by a user. A quantum-enabled computing system may
comprise a quantum computer and a classical computer, the quantum computer and the classical
computer operatively coupled to a digital computer. The quantum computer may be configured to
perform one or more quantum algorithms for solving a computational problem The classical
computer may comprise at least one classical processor and computer memory, and may be
configured to perform one or more classical algorithms for solving a computational problem.The

digital computer may comprise at least one computer processor and computer memory, wherein the
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digital computer may include a computer program with instructions executable by the at least one
computer processor to render an application. The application may facilitate use of the quantum

computer and/or the classical computer by a user.

[034] The term “quantum computing system” and like terms generally refer to a system capable of
making use of quantum-mechanical phenomena, such as superposition and entanglement, to perform
quantum computing operations. A quantum computing system may comprise a quantum-ready
computing system.A quantum computing system may comprise a quantum-enabled computing
system.A quantum computing system may comprise, for example, a quantum annealer, an Ising
solver, an optical parametric oscillator (OPO), a gate model of quantum computing, or another type
of quantum computer. Quantum computing systems may be different from digital electronic
computers based on transistors. For instance, whereas digital computers require data to be encoded
into binary digits (bits), each of which is always in one of two definite states (0 or 1), quantum
computation uses quantum bits (qubits), which can be in superpositions of states. It is appreciated
that a system of superconducting qubits may be manufactured in various embodiments. In some

embodiments, a system of superconducting qubits is a “quantum annealer.”

[035] Quantum computers (or other types of non-classical computers) may be able to work
alongside classical computers as co-processors. The hybrid architecture of quantum-enabled
computation can be very efficient for addressing complex computational tasks, like hard

optimization problems.

[036] The term “quantum annealer” and like terms generally refer to a system of superconducting
qubits that carries optimization of a configuration of spins in an Ising spin model using quantum
annealing, as described, for example, in Farhi, E. et al., “Quantum Adiabatic Evolution Algorithms
versus Simulated Annealing” arXiv.org: quant ph/0201031 (2002), pp. 1-16. An embodiment of
such an analog processor is disclosed by McGeoch, Catherine C. and Cong Wang, (2013),
“Experimental Evaluation of an Adiabatic Quantum System for Combinatorial Optimization”
Computing Frontiers,” May 14-16, 2013 and also disclosed in U.S. Patent Application Publication
Number US 2006/0225165.

Multiple-layer architecture software development kit (SDK)

[037] In some embodiments, the methods, systems, and media described herein comprise a
multiple-layer architecture software development kit (SDK), or use of the same. In some

embodiments, the multiple-layer architecture software development kit (SDK) comprises a two-
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layer structure. In some embodiments, the multiple-layer architecture software development kit
(SDK) comprises a three-layer structure. In some embodiments, the multiple-layer architecture

software development kit (SDK) comprises a four or more-layer structure.

[038] In some embodiments, the multiple-layer architecture software development kit (SDK) is
targeted to audiences such as data analysts comprising business analysts, risk analysts, financial
analysts, and social network analysts; application developers comprising software engineers and
programmers; and optimization experts comprising engineers, mathematicians, physicists, and graph
theorists. In some embodiments, applications in these fields may frequently solve computationally

expensive NP-complete and NP-hard problems.

[039] In some embodiments, the three-layer architecture software development kit (SDK)
integrates their advancements with highly efficient classical quadratic solvers to solve these NP-
complete and NP-hard problems. In some embodiments, the quantum-ready or quantum-enabled
SDK’s multilayered architecture may abstract away the complexity of solving NP-complete and NP-
hard problems, while providing sufficient access for more advanced developers to customize solving

mechanisms.

Three-layer architecture software development kit (SDK)

[040] In some embodiments, the methods, systems, and media described herein comprise a three-
layer architecture software development kit (SDK), or use of the same. In some embodiments, the
three-layer architecture software development kit (SDK) comprises an algorithms layer, binary
polynomial layer, and a common solver interface layer. In some embodiments, an algorithms layer is
used to implement one or more algorithms that are solved heuristically or exactly depending on the
requirements of the user input, wherein the one or more algorithms abstract away a complexity of
the application. In some embodiments, a binary polynomial layer is used to transform the one or
more algorithms from the application space into one or more instructions in polynomial
unconstrained binary optimization (PUBO) form. Instructions in PUBO form are generally directed
toward minimization of polynomial functions of a degree in n{0, 1}-valued variables. This degree
may be 1. This degree may be greater than or equal to 2. An example of a PUBO form is a quadratic
unconstrained binary optimization (QUBO) form. Instructions in QUBO form are generally directed
toward minimization of quadratic polynomial functions (e.g., polynomials of degree 2) inn{0,1}-
valued variables. Other types of PUBO forms may be used, such as PUBO forms with polynomials

of degree greater than 2. In some embodiments, a common solver interface layer is used to execute
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the one or more instructions in PUBO form, wherein the common solver interface layer comprises
one or more polynomial unconstrained binary optimization (PUBO) solvers that provide an interface
that is agnostic to quantum or classical computers. Gate model quantum computers, for example,
can solve polynomial unconstrained binary optimization (PUBO) forms of degree greater than 2.
New generations of adiabatic quantum annealers may solve these problems natively without using

in-software conversion to a quadratic form.

[041] Referring to Fig. 1, in a particular embodiment, a three-layer architecture is presented
comprising an algorithms layer, binary polynomial layer, and a common solver interface layer that
provides solutions to application based on a quantum computer. In particular, the algorithms layer is
the higher layer that connects to the application and accepts user application input; while the
common solver interface layer is the lowest layer of the SDK comprising various PUBO problem

solvers that expose a common interface to the upper layers of the SDK.

[042] Referring to Fig. 2, in a particular embodiment, another embodiment of a three-layer
architecture is presented comprising an algorithms layer, a binary polynomial layer (e.g., comprising
constrained integer programming or constrained binary programming), and a common solver
interface layer (e.g., a solver layer comprising a common interface) that provides solutions to

application based on a quantum computer.

[043] Referring to Fig. 6, in a particular embodiment, a three-layer architecture is demonstrated
comprising an algorithms layer, a binary polynomial layer, and a common solver interface layer
displayed with respective components. In particular, the algorithms layer comprises one or more
suitable algorithm components of: max k-quasi clique, chromatic number, graph similarity, coloring
feasibility, max co-k-plex, minimum clique cover, k-clique cover feasibility, linear knapsack and
balanced partitioning. The binary polynomial layer comprises the use of one or more suitable
transforming components of: a transformation of the PUBO to a QUBO (Pubo2Qubo), Ising
Support, polynomial structures and operations, efficient search in binary space, and random
polynomial generators. The polynomial unconstrained binary optimization (PUBO) solvers
comprise one or more of: D-Wave, gray exhaustive solver, multi-agent Tabu 1-Opt solver, Tabu 1-
Opt solver, PTICM solver, path-relinking solver, and a GPU-based simulated quantum annealing

solver.

[044] In some embodiments, the quantum-ready or quantum-enabled SDK may be highly

optimized and benefits from state-of-the-art heuristics and techniques for solving optimization
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problems. In some embodiments, the modular design may allow developers to further extend the

SDK by adding their own algorithms and solvers.

Two-layer architecture software development kit (SDK)

[045] In some embodiments, the methods, systems, and media described herein comprise a two-
layer architecture software development kit (SDK), or use of the same. In some embodiments, the
two-layer architecture software development kit (SDK) comprises an algorithms layer and a
common solver interface layer. In this alternative two-layer architecture, the function of the binary
polynomial layer in a three-layer architecture SDK which may be to transform the one or more
algorithms, may be implemented in either one of the two layers. In some embodiments, the one or
more algorithms are transformed using a binary polynomial layer. In some other embodiments, the

one or more algorithms are transformed by the common interface of the solver layer.

[046] In some embodiments, the algorithms layer in the two-layer architecture SDK completes the
functions of both an algorithms layer and a binary polynomial layer in a three-layer architecture
SDK. In further embodiments, the algorithms layer is used to implement one or more algorithms that
are solved heuristically or exactly depending on the requirements of the user input, wherein the one
or more algorithms abstract away a complexity of the application. In further embodiments, the
algorithms layer is also used to transform the one or more algorithms from the application space into
one or more instructions in polynomial unconstrained binary optimization (PUBO) form. In some
embodiments, the common solver interface layer is used to execute the one or more instructions in
PUBO form, wherein the common solver interface layer comprises one or more polynomial
unconstrained binary optimization (PUBO) solvers that provide an interface that is agnostic to

quantum or classical computers.

[047] In some embodiments, the common solver interface layer in the two-layer architecture SDK
completes the functions of both a binary polynomial layer and a common solver interface layer in a
three-layer architecture SDK. In further embodiments, the common solver interface layer is used to
transform the one or more algorithms from the application space into one or more instructions in
polynomial unconstrained binary optimization (PUBO) form. In further embodiments, the common
solver interface layer is used to execute the one or more instructions in PUBO form, wherein the
common solver interface layer comprises one or more polynomial unconstrained binary optimization
(PUBO) solvers that provide an interface that is agnostic to quantum or classical computers. In some

embodiments, the algorithms layer is used to implement one or more algorithms that are solved

15

Date Recue/Date Received 2022-11-03



heuristically or exactly depending on the requirements of the user input, where the one or more

algorithms abstract away a complexity of the application.

Algorithms layer

[048] In some embodiments, the methods, systems, and media described herein comprise an
algorithms layer, or use of the same. In some embodiments, an algorithms layer may be used to
implement one or more algorithms that are solved heuristically or exactly depending on the
requirements of the user input, wherein the one or more algorithms abstract away a complexity of

the application.

[049] In some embodiments, this algorithms layer provides the highest level of abstraction in the
SDK. The users of the algorithms layer only need to care about high-level algorithms. How these
algorithms translate to a PUBO and the way the PUBO is solved may be abstracted away by the

algorithms layer.

[050] Developers in many fields encounter NP-complete and NP-hard problems. In some
embodiments, the algorithms layer in the SDK is where numerous algorithms have been
implemented that can be solved heuristically or exactly depending on the application’s requirements.
In effect, this may abstract away the problem's complexity from developers. A few of the many
problems for which algorithms exist at this layer include partitioning, travelling salesman, minimum

spanning tree, and maximum quasi-clique.

[051] In some embodiments, the input and output of each algorithm is more important than its
description as it defines how the users work with each component. In some embodiments, the users
of the algorithms layer do not need to deal with polynomial optimization, which is the basis for
PUBO:s. In some embodiments, the users of the algorithms layer do not deal directly with quantum

annealer, such as a D-Wave system.

[052] In some embodiments, the algorithms used in the algorithms layer comprise one or more of:
max k-quasi clique, chromatic number, graph similarity, coloring feasibility, max co-k-plex,
minimum clique cover, £-clique cover feasibility, linear knapsack and balanced partitioning.
Referring to Fig. 3, in a particular embodiment, various non-limiting examples of types of algorithm
components that are suitable for the algorithms layer are demonstrated. In some embodiments, by
adding new algorithms to the algorithms layer, the quantum-ready or quantum-enabled software

development kit is continually extended for new applications.
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[053] In some embodiments, max k-quasi clique may be used as one of the components in the
algorithms layer. In some embodiments, the max k-quasi clique component is a graph algorithm
used to find dense parts of a graph wherein the users input a graph and receive a list of nodes in the

dense subgraph.

[054] In some embodiments, a chromatic number may be used as one of the components in the

algorithms layer. In some embodiments, the chromatic number component is a graph algorithm used
to color the nodes of a graph such that no nodes adjacent have the same color, wherein the input is a
graph and the output is a coloring of the graph wherein a coloring is a mapping of colors to nodes of

the graph.

[055] In some embodiments, graph similarity may be used as one of the components in the
algorithms layer. In some embodiments, the graph similarity component is a graph algorithm
wherein the input is two graphs and the output is the similar substructures of the graph. In some

embodiments, graph similarity internally uses one of the other components in the algorithms layer.

[056] In some embodiments, linear knapsack may be used as one of the components in the
algorithms layer. In some embodiments, the linear knapsack component is an algorithm used to
solve a popular combinatorial optimization problem used in portfolio and investment selection,
wherein the inputs are a set of items and their weights and prices, and the output is a maximum gain

obtained by choosing the best (e.g., optimal) set of items.

[057] In some embodiments, an algorithms layer is used to transform the one or more algorithms
from the application space into one or more instructions in polynomial unconstrained binary

optimization (PUBO) form.

Binary polynomial layer

[058] In some embodiments, the methods, systems, and media described herein comprise a binary
polynomial layer, or use of the same. In some embodiments, a binary polynomial layer is used to
transform the one or more algorithms from the application space into one or more instructions in

polynomial unconstrained binary optimization (PUBO) form.

[059] In some embodiments, a binary polynomial layer helps users more easily model their
problems into PUBO form, which is the problem format that solvers in a common solver interface

can solve. In some embodiments, the binary polynomial layer provides an easy-to-use mechanism
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for algorithm developers to transform the problems from their application space into polynomial

form and prepare them to be sent to the common solver interface layer.

[060] In some embodiments, the transforming of the one or more algorithms comprises the use of
one or more of: a transformation of the PUBO to a QUBO, Ising Support, binary polynomial
operations, and efficient search in binary space. Referring to Fig. 4, in a particular embodiment,
various non-limiting examples of types of transforming components that are suitable for the binary
polynomial layer are demonstrated, such as a transformation of the PUBO to a QUBO
(Pubo2Qubo), Ising Support, polynomial structures and operations, efficient search in binary space,

and random polynomial generators.

[061] In some embodiments, a transformation of the PUBO to a QUBO (Pubo2Qubo) technique is
used as one of the components for the binary polynomial layer. In some embodiments, the
transformation of the PUBO to a QUBO component is used when a polynomial needs to be of
degree at most 2 to be solvable directly by D-Wave. In further embodiments, this module antomates
the process of transforming a higher-level optimization problem into a polynomial of degree at most
2.

[062] In some embodiments, Ising support technique is used as one of the components for the
binary polynomial layer. In some embodiments, the Ising support component is used when there is a
linear transformation from a PUBO to Ising model or vice versa. In some embodiments, the Ising
model is the actual problem that is solved by the quantum annealer (D-Wave). In further

embodiments, the transformation between PUBO and Ising model is provided by this component.

[063] In some embodiments, binary polynomial operations are used as one of the components for
the binary polynomial layer. In some embodiments, the binary polynomial operations component
allows the users to easily work with binary polynomials, wherein operations like adding,
multiplying, power, etc. are provided in the binary polynomial layer. These are useful tools when

creating the PUBO that is to be sent to the lower common solver interface layer.

Common solver interface layer

[064] In some embodiments, the methods, systems, and media described herein comprise a
common solver interface layer, or use of the same. In some embodiments, a common solver

interface layer is used to execute the one or more instructions in PUBO form, wherein the common
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solver interface layer comprises one or more polynomial unconstrained binary optimization (PUBO)

solvers that provide an interface that is agnostic to quantum or classical computers.

[065] In some embodiments, the common solver interface layer is the lowest layer of the SDK
comprising various polynomial unconstrained binary optimization (PUBO) problem solvers. In
some embodiments, these solvers expose a common interface to the upper layers of the SDK, so that
a chosen PUBO solver may be easily switched for another, based on the requirements of the

application, with little or no modification to the code.

[066] In some embodiments, the common solver interface layer is the closest to the underlying
hardware, be it a classical computer or a quantum annealer. In some embodiments, the common
solver interface layer servers the purpose of making D-Wave an oracle PUBO solver so that the
users do not need to manage the complexities of hardware. In some embodiments, the common
solver interface layer serves the purpose of allowing development of quantum-ready or quantum-
enabled applications by providing a common interface to the quantum hardware and classical PUBO
solvers. In some embodiments, the underlying solver in the common solver interface layer is able to
be switched from quantum to classical or vice versa, leaving the application-level code intact. In
some embodiments, the same application, if run on top of the SDK, is able to run on either a

quantum or a classical computer.

[067] In some embodiments, the polynomial unconstrained binary optimization (PUBO) solvers
used by the common solver interface layer comprise one or more of: D-Wave, gray exhaustive
solver, multi-agent Tabu 1-Opt solver, Tabu 1-Opt solver, PTICM solver, path-relinking solver, and a
GPU-based simulated quantum annealing solver. Referring to Fig. 5, in a particular embodiment,
various non-limiting examples of types of PUBO solvers that are suitable for the common solver

interface layer are demonstrated.

[068] In some embodiments, a particular solver component is used in the common solver interface
layer as a software wrapper that connects to D-Wave. In some embodiments, this D-Wave solver
component abstracts away the complexities of directly interfacing with hardware. In some
embodiments, this D-Wave solver component makes use of helper modules to achieve simplicity
and provide an easy-to-use interface. In some embodiments, this D-Wave solver component
comprises a complete embedding module, wherein embedding is a complex problem that needs to
be solved every time a QUBO is to be solved on D-Wave. In further embodiments, this module

provides users with pre-calculated general embedding so that they do not have to worry about
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solving that problem every time. In some embodiments, this D-Wave solver component comprises a
virtual embedding module. In further embodiments, this module is used to allow users to reuse their
previously calculated embedding to speed up the embedding process. In some embodiments, this D-
Wave solver component comprises a chip information module. In further embodiments, this module
is used to provide user friendly statistics and information about the status of the chip and the

architecture.

[069] In some embodiments, a gray exhaustive component is used in the common solver interface
layer as an exhaustive exact PUBO solver. In some embodiments, the solver provides the same
interface as D-Wave does, and since the solver is an exact solver, it is used to verify the correctness

of problem modeling.

[070] In some examples, a heuristic solver may be used. For example, a Tabu 1-Opt component
may be used in the common solver interface layer as a heuristic PUBO solver. The Tabu 1-Opt
solver may provide an interface that is similar to a D-Wave interface. The Tabu 1-Opt solver may be
able to solve PUBOs with many more variables than D-Wave. The Tabu 1-0pt solver may not
guarantee the optimality of the solution. The Tabu 1-Opt solver may be a heuristic approach similar
to what is currently used with classical computers to solve problems that are solvable using D-

Wave.

[071] In some embodiments, a GPU-based simulated quantum annealing solver is used in the
common solver interface layer as an exhaustive exact PUBO solver. In some embodiments, a GPU-
based simulated quantum annealing solver is used in the common solver interface layer as a

heuristic PUBO solver.

[072] In some embodiments, a common solver interface layer is used to transform the one or more
algorithms from the application space into one or more instructions in unconstrained binary

optimization (PUBO) form.

Digital processing device

[073] In some embodiments, the quantum-ready or quantum-enabled software development kit
(SDK) described herein comprises a digital processing device, or use of the same. In further
embodiments, the digital processing device comprises one or more hardware central processing units
(CPUs) that carry out the device’s functions. In still further embodiments, the digital processing

device further comprises an operating system configured to perform executable instructions. In some
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embodiments, the digital processing device is optionally connected to a computer network. In
further embodiments, the digital processing device is optionally connected to the Internet such that
the digital processing device accesses the World Wide Web. In still further embodiments, the digital
processing device is optionally connected to a cloud computing infrastructure. In other
embodiments, the digital processing device is optionally connected to an intranet. In other

embodiments, the digital processing device is optionally connected to a data storage device.

[074] In accordance with the description herein, suitable digital processing devices comprise, for
example, server computers, desktop computers, laptop computers, notebook computers,
subnotebook computers, netbook computers, netpad computers, set-top computers, media streaming
devices, handheld computers, Internet appliances, mobile smartphones, tablet computers, personal
digital assistants, video game consoles, or vehicles. Those of skill in the art will recognize that many
smartphones may be suitable for use with the system described herein. Those of skill in the art will
also recognize that select televisions, video players, and digital music players with optional
computer network connectivity may be suitable for use with the system described herein. Suitable

tablet computers may include those with booklet, slate, and convertible configurations.

[075] In some embodiments, the digital processing device comprises an operating system
configured to perform executable instructions. The operating system is, for example, software,
including programs and data, which manages the device’s hardware and provides services for
execution of applications. Those of skill in the art will recognize that suitable server operating
systems may include, for example, FreeBSD, OpenBSD, NetBSD®, Linux, Apple® Mac OS X
Server®, Oracle® Solaris®, Windows Server®, or Novell® NetWare®. Those of skill in the art will
recognize that suitable personal computer operating systems may include, for example, Microsoft®
Windows®, Apple® Mac OS X®, UNIX®, or UNIX-like operating systems such as GNU/Linux®. In
some embodiments, the operating system is provided by cloud computing. Those of skill in the art
will also recognize that suitable mobile smart phone operating systems may include, for example,
Nokia® Symbian® OS, Apple® i0S®, Research In Motion® BlackBerry OS®, Google® Android®,
Microsoft® Windows Phone® OS, Microsoft® Windows Mobile® OS, Linux®, or Palm® WebOS®.
Those of skill in the art will also recognize that suitable media streaming device operating systems
include, by way of non-limiting examples, Apple TV®, Roku®, Boxee®, Google TV®, Google
Chromecast®, Amazon Fire®, and Samsung® HomeSync®. Those of skill in the art will also

recognize that suitable video game console operating systems may include, for example, Sony®
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PS3®, Sony® PS4®, Microsoft® Xbox 360%®, Microsoft® Xbox One®, Nintendo® Wii®, Nintendo®
Wii U®, or Ouya®.

[076] In some embodiments, the device comprises a storage and/or memory device. The storage
and/or memory device may be one or more physical apparatuses used to store data or programs on a
temporary or permanent basis. In some embodiments, the device is volatile memory and requires
power to maintain stored information. In some embodiments, the device is non-volatile memory and
retains stored information when the digital processing device is not powered. In further
embodiments, the non-volatile memory comprises flash memory. In some embodiments, the non-
volatile memory comprises dynamic random-access memory (DRAM). In some embodiments, the
non-volatile memory comprises ferroelectric random access memory (FRAM). In some
embodiments, the non-volatile memory comprises phase-change random access memory (PRAM).
In other embodiments, the device comprises a storage device including, for example, CD-ROMs,
DVDs, flash memory devices, magnetic disk drives, magnetic tapes drives, optical disk drives, or
cloud computing-based storage. In further embodiments, the storage and/or memory device

comprises a combination of devices such as those disclosed herein.

[077] In some embodiments, the digital processing device comprises a display to send visual
information to a user. In some embodiments, the display comprises a cathode ray tube (CRT). In
some embodiments, the display comprises a liquid crystal display (LCD). In further embodiments,
the display comprises a thin film transistor liquid crystal display (TFT-LCD). In some embodiments,
the display comprises an organic light emitting diode (OLED) display. In various further
embodiments, the OLED display comprises a passive-matrix OLED (PMOLED) or active-matrix
OLED (AMOLED) display. In some embodiments, the display comprises a plasma display. In other
embodiments, the display comprises a video projector. In still further embodiments, the display

comprises a combination of devices such as those disclosed herein.

[078] In some embodiments, the digital processing device comprises an input device to receive
information from a user. In some embodiments, the input device comprises a keyboard. In some
embodiments, the input device comprises a pointing device, for example, a mouse, trackball, track
pad, joystick, game controller, or stylus. In some embodiments, the input device comprises a touch
screen or a multi-touch screen. In other embodiments, the input device comprises a microphone to
capture voice or other sound input. In other embodiments, the input device comprises a video

camera or other sensor to capture motion or visual input. In further embodiments, the input device
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comprises a Kinect, a Leap Motion, or the like. In still further embodiments, the input device

comprises a combination of devices such as those disclosed herein.

Non-transitory computer readable storage medium

[079] In some embodiments, the quantum-ready or quantum-enabled software development kit
(SDK) disclosed herein comprises one or more non-transitory computer readable storage media
encoded with a program comprising instructions executable by the operating system of an optionally
networked digital processing device. In further embodiments, a computer readable storage medium
is a tangible component of a digital processing device. In still further embodiments, a computer
readable storage medium is optionally removable from a digital processing device. In some
embodiments, a computer readable storage medium includes, for example, CD-ROMs, DVDs, flash
memory devices, solid state memory, magnetic disk drives, magnetic tape drives, optical disk drives,
cloud computing systems and services, or the like. In some cases, the program and instructions are
permanently, substantially permanently, semi-permanently, or non-transitorily encoded on the

media.

Computer program

[080] In some embodiments, the quantum-ready or quantum-enabled software development kit
(SDK) disclosed herein comprises at least one computer program, or use of the same. A computer
program comprises a sequence of instructions, executable in the digital processing device's CPU,
written to perform a specified task. Computer readable instructions may be implemented as program
modules, such as functions, objects, Application Programming Interfaces (APIs), data structures,
and the like, that perform particular tasks or implement particular abstract data types. In light of the
disclosure provided herein, those of skill in the art will recognize that a computer program may be

written in various versions of various languages.

[081] The functionality of the computer readable instructions may be combined or distributed as
desired in various environments. In some embodiments, a computer program comprises one
sequence of instructions. In some embodiments, a computer program comprises a plurality of
sequences of instructions. In some embodiments, a computer program is provided from one location.
In other embodiments, a computer program is provided from a plurality of locations. In various
embodiments, a computer program comprises one or more software modules. In various

embodiments, a computer program comprises, in part or in whole, one or more web applications,
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one or more mobile applications, one or more standalone applications, one or more web browser

plug-ins, extensions, add-ins, or add-ons, or combinations thereof.

Web application

[082] In some embodiments, a computer program comprises a web application. In light of the
disclosure provided herein, those of skill in the art will recognize that a web application, in various
embodiments, utilizes one or more software frameworks and one or more database systems. In some
embodiments, a web application is created upon a software framework such as Microsoft® NET or
Ruby on Rails (RoR). In some embodiments, a web application utilizes one or more database
systems including, for example, relational, non-relational, object oriented, associative, or XML
database systems. In further embodiments, suitable relational database systems include, for example,
Microsoft® SQL Server, mySQL™, or Oracle®. Those of skill in the art will also recognize that a
web application, in various embodiments, is written in one or more versions of one or more
languages. A web application may be written in one or more markup languages, presentation
definition languages, client-side scripting languages, server-side coding languages, database query
languages, or combinations thereof. In some embodiments, a web application is written to at least
some extent in a markup language, such as Hypertext Markup Language (HTML), Extensible
Hypertext Markup Language (XHTML), or eXtensible Markup Language (XML). In some
embodiments, a web application is written to at least some extent in a presentation definition
language such as Cascading Style Sheets (CSS). In some embodiments, a web application is written
to at least some extent in a client-side scripting language such as Asynchronous JavaScript® and
XML (AJAX), Flash® Actionscript, JavaScript®, or Silverlight®. In some embodiments, a web
application is written to at least some extent in a server-side coding language such as Active Server
Pages (ASP), ColdFusion®, Perl, Java™, JavaServer Pages (JSP), Hypertext Preprocessor (PHP),
Python™, Ruby, Tel, Smalltalk, WebDNA®, or Groovy. In some embodiments, a web application is
written to at least some extent in a database query language such as Structured Query Language
(SQL). In some embodiments, a web application integrates enterprise server products such as IBM®
Lotus Domino®. In some embodiments, a web application comprises a media player element. In
various further embodiments, a media player element utilizes one or more of many suitable
multimedia technologies including, for example, Adobe® Flash® HTML 5, Apple® QuickTime®,

Microsoft® Silverlight®, Java™, or Unity®.

Mobile application
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[083] In some embodiments, a computer program comprises a mobile application provided to a
mobile digital processing device. In some embodiments, the mobile application is provided to a
mobile digital processing device at the time the mobile application is manufactured. In other
embodiments, the mobile application is provided to a mobile digital processing device via the

computer network described herein.

[084] In view of the disclosure provided herein, a mobile application is created by techniques
known to those of skill in the art using hardware, languages, and development environments known
to the art. Those of skill in the art will recognize that mobile applications may be written in several
languages. Suitable programming languages include, for example, C, C++, C#, Objective-C, Java™,
JavaScript®, Pascal, Object Pascal, Python™, Ruby, VB.NET, WML, XHTML/HTML with or

without CSS, or combinations thereof.

[085] Suitable mobile application development environments may be available from several
sources. Commercially available development environments include, for example, AirplaySDK
alcheMo, Appcelerator®, Celsius, Bedrock, Flash Lite, NET Compact Framework, Rhomobile, or
WorkLight Mobile Platform. Other development environments may be available without cost
including, for example, Lazarus, MobiFlex, MoSync, or Phonegap. Also, mobile device
manufacturers distribute software developer kits (SDKs) including, for example, iPhone and iPad
(i0S) SDK, Android® SDK, BlackBerry® SDK, BREW SDK, Palm® OS SDK, Symbian SDK,
webOS SDK, or Windows® Mobile SDK.

[086] Those of skill in the art will recognize that several commercial forums may be available for
distribution of mobile applications including, for example, Apple® App Store, Android® Market,
BlackBerry® App World, App Store for Palm devices, App Catalog for webOS, Windows®
Marketplace for Mobile, Ovi Store for Nokia® devices, Samsung® Apps, or Nintendo® DSi Shop.

Standalone application

[087] In some embodiments, a computer program comprises a standalone application, which is a
program that is run as an independent computer process, and not as an add-on to an existing process
(e.g., not a plug-in). Those of skill in the art will recognize that standalone applications may be
compiled. A compiler generally refers to a computer program(s) that transforms source code written
in a programming language into binary object code such as assembly language or machine code.
Suitable compiled programming languages include, for example, C, C++, Objective-C, COBOL,

Delphi, Eiffel, Java™, Lisp, Python™, Visual Basic, VB NET, or combinations thereof.
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Compilation may be performed, at least in part, to create an executable program. In some

embodiments, a computer program comprises one or more executable compiled applications.

Web browser plug-in

[088] In some embodiments, the computer program comprises a web browser plug-in. In
computing, a plug-in generally refers to one or more software components that add specific
functionality to a larger software application. Makers of software applications may support plugins
to enable third-party developers to create abilities which extend an application, to support easy
addition of new features, or to reduce the size of an application. When supported, plug-ins may
enable customization of the functionality of a software application. For example, plug-ins are
commonly used in web browsers to play video, generate interactivity, scan for viruses, and display
particular file types. Those of skill in the art will be familiar with several web browser plug-ins
including, for example, Adobe® Flash® Player, Microsoft® Silverlight®, or Apple® QuickTime®. In
some embodiments, the toolbar comprises one or more web browser extensions, add-ins, or add-ons.

In some embodiments, the toolbar comprises one or more explorer bars, tool bands, or desk bands.

[089] In view of the disclosure provided herein, those of skill in the art will recognize that several
plug-in frameworks may be available that enable development of plug-ins in various programming
languages, including, for example, C++, Delphi, Java™, PHP, Python™, VB.NET, or combinations
thereof.

[090] Web browsers (also called Internet browsers) generally refer to software applications,
designed for use with network-connected digital processing devices, for retrieving, presenting, and
traversing information resources on the World Wide Web. Suitable web browsers include, for
example, Microsoft® Internet Explorer®, Mozilla® Firefox®, Google® Chrome, Apple® Safari®,
Opera Software® Opera®, or KDE Konqueror. In some embodiments, the web browser comprises a
mobile web browser. Mobile web browsers (also called micro-browsers, mini-browsers, or wireless
browsers) may be designed for use on mobile digital processing devices including, for example,
handheld computers, tablet computers, netbook computers, subnotebook computers, smartphones,
music players, personal digital assistants (PDAs), or handheld video game systems. Suitable mobile
web browsers include, for example, Google® Android® browser, RIM BlackBerry® Browser,
Apple® Safari®, Palm® Blazer, Palm® WebOS® Browser, Mozilla® Firefox® for mobile, Microsoft®
Internet Explorer® Mobile, Amazon® Kindle® Basic Web, Nokia® Browser, Opera Software®

Opera® Mobile, or Sony® PSP™ browser.
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Software modules

[091] In some embodiments, the quantum-ready or quantum-enabled software development kit
(SDK) disclosed herein comprises software, server, and/or database modules, or use of the same. In
view of the disclosure provided herein, software modules may be created by techniques known to
those of skill in the art using machines, software, and/or languages known to the art. The software
modules disclosed herein may be implemented in a multitude of ways. In various embodiments, a
software module comprises a file, a section of code, a programming object, a programming
structure, or combinations thereof. In further various embodiments, a software module comprises a
plurality of files, a plurality of sections of code, a plurality of programming objects, a plurality of
programming structures, or combinations thereof. In various embodiments, the one or more software
modules comprise, for example, a web application, a mobile application, or a standalone application.
In some embodiments, the one or more software modules are in one computer program or
application. In other embodiments, the one or more software modules are in more than one computer
program or application. In some embodiments, the one or more software modules are hosted on one
machine. In other embodiments, the one or more software modules are hosted on more than one
machine. In further embodiments, the one or more software modules are hosted on one or more
cloud computing platforms. In some embodiments, the one or more software modules are hosted on
one or more machines in one location. In other embodiments, the one or more software modules are

hosted on one or more machines in more than one location.
Databases

[092] In some embodiments, the quantum-ready or quantum-enabled software development kit
(SDK) disclosed herein comprises one or more databases, or use of the same. In view of the
disclosure provided herein, those of skill in the art will recognize that many databases are suitable
for storage and retrieval of application information. In various embodiments, suitable databases
include, for example, relational databases, non-relational databases, object-oriented databases,
object databases, entity-relationship model databases, associative databases, or XML databases. In
some embodiments, a database is internet-based. In further embodiments, a database is web-based.
In still further embodiments, a database is cloud computing-based. In other embodiments, a database

is based on one or more local computer storage devices.

[093] Although the present disclosure has made reference to quantum computers, methods and

systems of the present disclosure may be employed for use with other types of computers, which
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may be non-classical computers. Such non-classical computers may be quantum computers, hybrid
quantum computers, quantum-type computers, or other computers that are not classical computers.
Examples of non-classical computers include, but not limited to, Hitachi Ising solvers, coherent
Ising machines based on optical parameters, and other solvers which utilize different physical

phenomena to obtain more efficiency in solving particular classes of problems.

[094] Methods and systems of the present disclosure may be used to process requests over a cloud
network or other distributed environment. Examples of systems and methods that may be used to

process requests over a cloud network or other distributed environment are provided in, for example,
U.S. Pat. No. 9,537,953 and U.S. Pat. Appl. No. 15/349,519.

[095] Methods and systems of the present disclosure may be employed for use with other methods
and systems, such as those described in, for example, U.S. Pat. Appl. No. 15/165,655.

Computer control systems

[096] The present disclosure provides computer control systems that are programmed to implement
methods of the disclosure. FIG. 7 shows a computer system 701 that is programmed or otherwise
configured to generating one or more instructions for execution by a common solver, wherein the
one or more instructions are generated by a digital computer comprising at least one computer
processor and a memory, the digital computer coupled to a quantum-ready or quantum-enabled
computing system comprising the common solver, and wherein the common solver executes the one
or more instructions to generate an output. The computer system 701 can regulate various aspects of
the present disclosure, such as, for example, generating instructions for execution by a common
solver. The computer system 701 can be an electronic device of a user or a computer system that is
remotely located with respect to the electronic device. The electronic device can be a mobile
electronic device. The computer system 701 can be a digital computer, in some cases a classical

computer.

[097] The computer system 701 includes a central processing unit (CPU, also “processor” and
“computer processor” herein) 705, which can be a single core or multi core processor, or a plurality
of processors for parallel processing. The computer system 701 also includes memory or memory
location 710 (e.g., random-access memory, read-only memory, flash memory), electronic storage
unit 715 (e.g., hard disk), communication interface 720 (e.g., network adapter) for communicating
with one or more other systems, and peripheral devices 725, such as cache, other memory, data

storage and/or electronic display adapters. The memory 710, storage unit 715, interface 720 and
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peripheral devices 725 are in communication with the CPU 705 through a communication bus (solid
lines), such as a motherboard. The storage unit 715 can be a data storage unit (or data repository) for
storing data. The computer system 701 can be operatively coupled to a computer network
(“network™) 730 with the aid of the communication interface 720. The network 730 can be the
Intemet, an internet and/or extranet, or an intranet and/or extranet that is in communication with the
Internet. The network 730 in some cases is a telecommunication and/or data network. The network
730 can include one or more computer servers, which can enable distributed computing, such as
cloud computing. The network 730, in some cases with the aid of the computer system 701, can
implement a peer-to-peer network, which may enable devices coupled to the computer system 701

to behave as a client or a server.

[098] The CPU 705 can execute a sequence of machine-readable instructions, which can be
embodied in a program or software. The instructions may be stored in a memory location, such as
the memory 710. The instructions can be directed to the CPU 705, which can subsequently program
or otherwise configure the CPU 705 to implement methods of the present disclosure. Examples of

operations performed by the CPU 705 can include fetch, decode, execute, and write back.

[099] The CPU 705 can be part of a circuit, such as an integrated circuit. One or more other
components of the system 701 can be included in the circuit. In some cases, the circuit is an

application specific integrated circuit (ASIC).

[0100] The storage unit 715 can store files, such as drivers, libraries and saved programs. The
storage unit 715 can store user data, e.g., user preferences and user programs. The computer system
701 in some cases can include one or more additional data storage units that are external to the
computer system 701, such as located on a remote server that is in communication with the

computer system 701 through an intranet or the Internet.

[0101] The computer system 701 can communicate with one or more remote computer systems
through the network 730. For instance, the computer system 701 can communicate with a remote
computer system of a user (e.g., through a cloud network or other distributed network). Examples of
remote computer systems include personal computers (e.g., portable PC), slate or tablet PC's (e.g.,
Apple® iPad, Samsung® Galaxy Tab), telephones, Smart phones (e.g., Apple® iPhone, Android®-
enabled device, Blackberry®), or personal digital assistants. The user can access the computer

system 701 via the network 730.
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[0102] The computer system 701 can communicate with a quantum-ready or quantum-enabled
computing system through the network 730. Such communication may be as described in, for

example, U.S. Pat. No. 9,537,953 and U.S. Pat. Appl. No. 15/349,519.

[0103] Methods as described herein can be implemented by way of machine (e.g., computer
processor) executable code stored on an electronic storage location of the computer system 701,
such as, for example, on the memory 710 or electronic storage unit 715. The machine executable or
machine readable code can be provided in the form of software. During use, the code can be
executed by the processor 705. In some cases, the code can be retrieved from the storage unit 715
and stored on the memory 710 for ready access by the processor 705. In some situations, the
electronic storage unit 715 can be precluded, and machine-executable instructions are stored on

memory 710.

[0104] The code can be pre-compiled and configured for use with a machine having a processer
adapted to execute the code, or can be compiled during runtime. The code can be supplied in a
programming language that can be selected to enable the code to execute in a pre-compiled or as

compiled fashion.

[0105] Aspects of the systems and methods provided herein, such as the computer system 701, can
be embodied in programming. Various aspects of the technology may be thought of as “products” or
“articles of manufacture” typically in the form of machine (or processor) executable code and/or
associated data that is carried on or embodied in a type of machine readable medium. Machine-
executable code can be stored on an electronic storage unit, such as memory (e.g., read-only
memory, random-access memory, flash memory) or a hard disk. “Storage” type media can include
any or all of the tangible memory of the computers, processors or the like, or associated modules
thereof, such as various semiconductor memories, tape drives, disk drives and the like, which may
provide non-transitory storage at any time for the software programming. All or portions of the
software may at times be communicated through the Internet or various other telecommunication
networks. Such communications, for example, may enable loading of the software from one
computer or processor into another, for example, from a management server or host computer into
the computer platform of an application server. Thus, another type of media that may bear the
software elements includes optical, electrical and electromagnetic waves, such as used across
physical interfaces between local devices, through wired and optical landline networks and over

various air-links. The physical elements that carry such waves, such as wired or wireless links,
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optical links or the like, also may be considered as media bearing the software. As used herein,
unless restricted to non-transitory, tangible “storage” media, terms such as computer or machine
“readable medium” refer to any medium that participates in providing instructions to a processor for

execution.

[0106] Hence, a machine readable medium, such as computer-executable code, may take many
forms, including but not limited to, a tangible storage medium, a carrier wave medium or physical
transmission medium. Non-volatile storage media include, for example, optical or magnetic disks,
such as any of the storage devices in any computer(s) or the like, such as may be used to implement
the databases, etc. shown in the drawings. Volatile storage media include dynamic memory, such as
main memory of such a computer platform. Tangible transmission media include coaxial cables;
copper wire and fiber optics, including the wires that comprise a bus within a computer system
Carrier-wave transmission media may take the form of electric or electromagnetic signals, or
acoustic or light waves such as those generated during radio frequency (RF) and infrared (IR) data
communications. Common forms of computer-readable media therefore include for example: a
floppy disk, a flexible disk, hard disk, magnetic tape, any other magnetic medium, a CD-ROM,
DVD or DVD-ROM, any other optical medium, punch cards paper tape, any other physical storage
medium with patterns of holes, a RAM, a ROM, a PROM and EPROM, a FLASH-EPROM, any
other memory chip or cartridge, a carrier wave transporting data or instructions, cables or links
transporting such a carrier wave, or any other medium from which a computer may read
programming code and/or data. Many of these forms of computer readable media may be involved

in carrying one or more sequences of one or more instructions to a processor for execution.

[0107] The computer system 701 can include or be in communication with an electronic display 735
that comprises a user interface (UI) 740 for providing, for example, means to accept user input from
an application at an application interface. Examples of UI’s include, without limitation, a graphical

user interface (GUI) and web-based user interface.

[0108] Methods and systems of the present disclosure can be implemented by way of one or more
algorithms. An algorithm can be implemented by way of software upon execution by the central
processing unit 705. The algorithm can, for example, generate instructions for execution by a

common solver.

[0109] While preferred embodiments of the present invention have been described herein, it will be

obvious to those skilled in the art that such embodiments are provided by way of example only. It is
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not intended that the invention be limited by the specific examples provided within the specification.
While the invention has been described with reference to the aforementioned specification, the
descriptions and illustrations of the embodiments herein are not meant to be construed in a limiting
sense. Numerous variations, changes, and substitutions will be apparent to those skilled in the art
without departing from the invention. Furthermore, it shall be understood that all aspects of the
invention are not limited to the specific depictions, configurations, or relative proportions set forth
herein which depend upon a variety of conditions and variables. It should be understood that various
alternatives to the embodiments of the invention described herein may be employed in practicing the
invention. It is therefore contemplated that the invention shall also cover any such altematives,

modifications, variations, or equivalents.
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What is claimed is:

1. A method for generating one or more instructions for execution by a solver layer comprising a
common interface, which solver layer is part of a quantum-ready or quantum-enabled computing
system, wherein the one or more instructions are generated by a digital computer comprising at

least one computer processor and memory, and wherein the solver layer executes the one or more

instructions to generate an output, the method comprising:

a. accepting user input from an application at an application interface, which application is
executed on the digital computer, which user input corresponds to a problem to be solved by the
quantum-ready or quantum-enabled computing system, which problem is not in polynomial

unconstrained binary optimization (PUBO) form;

b. selecting one or more algorithms from a plurality of algorithms at an algorithms layer, wherein
each of the plurality of algorithms is configured to transform the problem into one or more

instructions in PUBO form;

c. executing the one or more algorithms to thereby transform the problem into one or more

instructions in PUBO form;

d. using one or more PUBO solvers to execute the one or more instructions in the PUBO form at
the common interface of the solver layer of the quantum-ready or quantum-enabled computing

system, to generate the output; and

e. providing the output at the application interface.

2. The method of claim 1, wherein the quantum-ready or quantum-enabled computing system
comprises a quantum annealer, an Ising solver, an optical parametric oscillator (OPO), a gate

model of quantum computing, or another type of quantum computer.

3. The method of claim 1, wherein the PUBO form is a quadratic unconstrained binary

optimization (QUBO) form.

33

Date Regue/Date Received 2022-03-08



4. The method of claim 1, wherein the one or more PUBO solvers of the common interface of the

solver layer comprise one or more quadratic unconstrained binary optimization (QUBO) solvers.

5. The method of claim 1, wherein the one or more algorithms are transformed at the algorithms

layer.

6. The method of claim 1, wherein the one or more algorithms are transformed using a binary

polynomial layer.

7. The method of claim 1, wherein the one or more algorithms are transformed at a polynomial

constrained integer optimization layer.

8. The method of claim 1, wherein the one or more algorithms are transformed at a polynomial

constrained binary optimization layer.

9. The method of claim 1, wherein the one or more algorithms are transformed by the common

interface of the solver layer.

10. The method of claim 1, wherein the algorithms layer comprises one or more of: max
(maximum) k-quasi clique, chromatic number, graph similarity, coloring feasibility, max co-k-
plex, minimum clique cover, k-clique cover feasibility, linear knapsack, and balanced

partitioning.
11. The method of claim 1, wherein transforming the one or more algorithms comprises the use
of one or more of: a transformation of the PUBO form to a quadratic unconstrained binary

optimization (QUBO) form, binary polynomial operations, and efficient search in binary space.

12. The method of claim 1, wherein the one or more algorithms are implemented using a

classical optimization system or a quantum oracle.
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13. A system for generating one or more instructions for execution by a solver layer comprising

a common interface, comprising:
a. a quantum-ready or quantum-enabled computing system comprising the solver layer;
b. a digital computer comprising at least one computer processor;

C. a computer memory storing computer processor executable instructions which, when executed

by the at least one computer processor, implement a method comprising:

1. accepting user input from an application at an application interface, which application is
executed on the digital computer, which user input corresponds to a problem to be solved by the
quantum-ready or quantum-enabled computing system, which problem is not in polynomial

unconstrained binary optimization (PUBO) form;

i1. selecting one or more algorithms from a plurality of algorithms at an algorithms layer,
wherein each of the plurality of algorithms is configured to transform the problem into one or

more instructions in PUBO form;

i11. executing the one or more algorithms to thereby transform the problem into one or more

instructions in PUBO form;

iv. using one or more PUBO solvers to execute the one or more instructions in the PUBO form at
the common interface of the solver layer of the quantum-ready or quantum enabled computing

system, to generate the output; and
v. providing the output at the application interface.
14. The system of claim 13, wherein the quantum-ready or quantum-enabled computing system

comprises a quantum annealer, an Ising solver, an optical parametric oscillator (OPO), a gate

model of quantum computing, or another type of quantum computer.
15. The system of claim 13, wherein the PUBO form is a quadratic unconstrained binary

optimization (QUBO) form.
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16. The system of claim 13, wherein the algorithms layer comprises one or more of: max
(maximum) k-quasi clique, chromatic number, graph similarity, coloring feasibility, max co-k-
plex, minimum clique cover, k-clique cover feasibility, linear knapsack, and balanced

partitioning.

17. The system of claim 13, wherein transforming the one or more algorithms comprises the use
of one or more of: a transformation of the PUBO form to a quadratic unconstrained binary

optimization (QUBO) form, binary polynomial operations, and efficient search in binary space.

18. The system of claim 13, wherein the one or more algorithms are implemented using a

classical optimization system or a quantum oracle.

19. A method for generating one or more instructions for execution by a solver layer comprising
a common interface, which solver layer is part of a quantum-ready or quantum-enabled
computing system, wherein the one or more instructions are generated by a digital computer
comprising at least one computer processor and memory, and wherein the solver layer executes

the one or more instructions to generate an output, the method comprising:

a. accepting user input from an application at an application interface, which application is
executed on the digital computer, which user input corresponds to a problem to be solved by the

quantum-ready or quantum-enabled computing system;

b. selecting one or more algorithms from a plurality of algorithms at an algorithms layer, wherein
each of the plurality of algorithms is configured to transform the problem into one or more

instructions in polynomial unconstrained binary optimization (PUBO) form,;

c. executing the one or more algorithms to thereby transform the problem into the one or more

instructions in PUBO form;

d. selecting one or more PUBO solvers from a plurality of PUBO solvers at the common

interface;
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e. using the one or more PUBO solvers to execute the one or more instructions in the PUBO
form at the common interface of the solver layer of the quantum-ready or quantum-enabled

computing system to generate the output; and

f. providing the output at the application interface.

20. The method of claim 19, wherein the quantum-ready or quantum-enabled computing system
comprises a quantum annealer, an Ising solver, an optical parametric oscillator (OPO), a gate

model of quantum computing, or another type of quantum computer.

21. The method of claim 19, wherein the algorithms layer comprises one or more of: max
(maximum) k-quasi clique, chromatic number, graph similarity, coloring feasibility, max co-k-
plex, minimum clique cover, k-clique cover feasibility, linear knapsack, and balanced

partitioning.

22. The method of claim 19, wherein transforming the one or more algorithms comprises the use
of one or more of: a transformation of the PUBO form to a quadratic unconstrained binary

optimization (QUBO) form, binary polynomial operations, and efficient search in binary space.
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