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Abstract

Quantum annealing has emerged as a promising paradigm for solving large-scale
combinatorial optimization problems. Extending this framework to the numerical
solution of differential equations requires the development of suitable optimization
formulations that can be efficiently implemented on current quantum hardware. In
this context, this thesis investigates the application of quantum annealing to the
numerical solution of differential equations, using the one-dimensional Helmholtz
equation as a benchmark problem. The approximate solution is represented through
spectral basis function whose coefficients are determined by formulating the problem
as QUBO (Quadratic Unconstrained Binary Optimization Problem). Different
encoding strategies are systematically investigated and evaluated from both algebraic
and adiabatic perspectives, with their performance compared against the classical
simulated annealing algorithm.

To assess the quality and reliability of the obtained solutions, several quantitative
metrics are employed, including the minimum energy gap, dynamic range, and mean
squared error. These measures provide insight into the adiabatic behavior of the
system, numerical stability, and approximation accuracy. The results highlight the
critical role of problem encoding and the resulting QUBO structure in achieving
efficient quantum annealing performance. In particular, the algebraic properties of
the discretized problem strongly determine the optimization landscape experienced
by the quantum annealer.

Finally, the results highlight the potential of hybrid quantum-—classical approaches
that combine favorable algebraic properties with suitable adiabatic conditions.
These findings contribute to the development of more effective QUBO formulations
for differential equations and provide practical guidelines for designing quantum

annealing algorithms on current and future hardware.



Anmarna

Kpanrreik Kyiaipy (quantum annealing) ipi Kesemii KOMOMHATODJIBIK OHTAIAH-
JIBIPY €CeIlTEPIH IIeNIyre apHaraH MepCIeKTUBAJIbI KBAHTTHIK €CerTey TOCLIIEPIHiH,
6ipi. Asaiiga Oy Toclii audepeHnmraIbK, TeHIeyIep/Ii CAHIBIK, IIeNnTyTre KOIIaHy
Ka3ipri KBaHTTHIK KYPBLIFbLIAP/Ia THIM/I iCKe aChIPBIJIATHIH COMKEC OHTAMIaHIIbIPY
MOJIe/IbIEPIH KYPY/abl Tajamn ere/i. Ocbiran O0ailJIaHbICThI, INCCEPTAIUIBIK, YKYMbBICTA
Oipesmrem i ['e/IbMIoJIBIL TEHIEYIH MOJIE/IB/IIK ecell peTiHe maiijiagana OThIPBII, OHbI
KBAHTTBIK, KYIJIIPY 9/liCiMEH CaHJIbIK IIEITy Moceseci KapacThIpbLia bl. 2AKybIK mrerntiM
CHEKTPJIK 0a3ucTiK (DPYHKIUAIAD aPKbLIbl OPHEKTEII, 0JIap/IblH KodddurmenTrepi
ecenrti QUBO (Quadratic Unconstrained Binary Optimization) mojesnine TypJesaipy
APKBLIbI AaHBIKTAJI/IbI. KoITay/IbIH opTYpJIi cTpaTerusjiapbl aareOpaJblk KoHe ajiia-
OaTaJIbIK TYPFBIIAH YKYHesl Typ/ae 3ePTTe I, OJapIbH THIMIIIIN KJIaCCHKAJIBIK, TMHI-
TarusIbIK Kyiaipy (simulated annealing) ajgropurminis HOTHZKeIEPIMEH CAJIBICTHIPBI-
JIabl. AJIBIHFAH IIemriMIep/IiH camachl MeH CeHIMJILIriH Oarajay VIIiH MIHIMAJIIbI
SHEPTHS CAHBLIAYbI, TMHAMUKAJIBIK TUaNa30H XKOHe OpTallla KBa/IpATTHIK, KATe CUAKTHI
CaHJIbIK KOPCeTKIITep KOJJIaHbLIa/Ibl. Bbyil KepceTkimTep »KyiieHiH ajgnadarablK Ka-
CHETTEPiH, CAHIBIK TYPAKTBLIBIFBIH KOHE XKYBIKTay IOJIINH sKaH-KaKThl OaraJayra
MYMKIHJIK Oepejii. 3epTTey HOTHUXKEJIEpl ecenTi KOoATay TOCiIi MEH coraH CoiiKec Ka-
soimracatein QUBO MosestiniH, KypbUIBIMBI KBAHTTHIK, KYHIIPY/IiH THIMILTITIHE TT1e-
Iy bIKnas ereTidin kepcereni. CoOHBIMEH KaTap, JAUCKPETTereH ecenTiH aaredbpa-
JIBIK, KACUEeTTEePl KBAHTTHIK KYHIIPrilITiH, OHTalJIaHbIPY YVAEPICIHIH epeKIe iKTepin
AMKBIHIANTHIHBI aHBIKTAJIIBI. 2K YMBICTBIH, KOPBITHIH/IBICHIH/IA KOJAMIBI aJIreOpPaJIbIK,
KacueTTep MEH THIM/II aJinabaTa/IbIK, IMIapTTap/Ibl YilJIecTipeTiH TuOpUATI KBAHTTHIK-
KJIACCUKAJIBIK, TOCLIIEP/IiH, KeH KOJIJaHy MYMKIHIIT 6ap ekeHairi kepcerimemi. AJbl-
HFaH HOTHXKeJep juddepeHuaIbk TeHaeyaepa mernryre apuaarad taivai QUBO
MOJIENTBJIEPIH 931pJieyTe yiec KOCHIN, Ka3ipri KoHe KeJeleKTerl KBAaHTTHIK, KYHIipy

KYPBUIFbLIapbIHA apHAJIFal aJropuTMIep/Ii 2Kobaiayra NpaKTHKAJIBIK YChIHBICTAp Oe-

peti.
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Chapter 1

Introduction

Solving Partial Differential Equations (PDE) is of paramount importance in model-
ing science and engineering due to their unparalleled capacity to describe and predict
complex physical phenomena. Common examples include the behavior of fluids in
aerodynamics, weather forecasting, or the spread of disease in epidemiology. Hence,
the accurate and efficient numerical solution of differential equations is therefore of
considerable importance across numerous disciplines. Unfortunately, these real-world
problems often involve intricate models or simulations, large datasets, or sophisti-
cated optimization procedures, that demand the building of larger parallel processing
networks or bigger supercomputers to deploy a significant number of computational
resources, time, and energy. Thus, addressing this challenging task will require to de-
sign advanced computational techniques as well as to develop innovative technologies
with computational capabilities able to keep pace with the ever-expanding demands
of science, engineering, and various applications across industries. However, exact an-
alytical solutions are available only for a limited class of differential equations. Most
practical problems involve complex geometries, nonlinearities, or boundary condi-
tions that prevent the derivation of closed-form solutions. Consequently, numeri-
cal methods have become indispensable tools for approximating solutions. Classical
approaches such as finite difference methods, finite element methods, and spectral
methods transform the original continuous problem into a finite-dimensional algebraic
system that can be solved computationally. While these techniques have achieved re-
markable success, their computational cost often increases significantly with problem
size and dimensionality, a phenomenon sometimes called the “curse of dimensional-
ity”. These findings contribute to the development of more effective QUBO formula-
tions for differential equations and provide practical guidelines for designing quantum

annealing algorithms on current and future hardware.



One such promising direction is quantum computing. Unlike classical computers,
which process information using binary bits, quantum computers exploit the princi-
ples of quantum mechanics to perform computations. Quantum bits, or qubits, can
exist in superposition states, enabling the simultaneous representation of multiple
computational states. Furthermore, quantum entanglement and quantum interfer-
ence provide additional computational resources that have no classical counterpart.
These unique features have led to the development of quantum algorithms capable of
outperforming classical algorithms for certain computational tasks [67].

Several physical implementations of quantum computers have been proposed and
realized, including superconducting circuits, trapped ions, neutral atoms, photonic
systems, and quantum annealers [8, 44, 49, 68, 78]. Each architecture possesses its
own advantages and limitations, and it remains unclear which technology will ulti-
mately become dominant. Nevertheless, all currently available quantum devices are
affected by noise and limited coherence times. Consequently, contemporary quantum
hardware is commonly referred to as Noisy Intermediate-Scale Quantum (NISQ) tech-
nology. Although large-scale fault-tolerant quantum computers remain a long-term
objective, substantial effort has been devoted to developing algorithms suitable for
currently available devices.

The application of quantum computing to differential equations has attracted con-
siderable attention during the last decade [6, 7, 17, 25, 56, 59, 64, 74, 85, 87]. A major
motivation stems from the observation that many numerical methods reduce differ-
ential equations to systems of linear algebraic equations. Since quantum mechanics is
naturally formulated in the language of linear algebra, quantum computers are nat-
urally suited to address such problems. One of the most influential developments in
this area is the Harrow - Hassidim - Lloyd (HHL) algorithm [38], which demonstrated
that quantum computers can solve certain linear systems exponentially faster than
the best known classical algorithms under specific assumptions. This breakthrough
stimulated extensive research into quantum algorithms for the numerical solution of
ordinary and partial differential equations [24].

Subsequent studies extended these ideas to a broad range of applications. Quan-
tum algorithms have been proposed for ordinary differential equations, Poisson equa-
tions [55, 57|, heat equations [23, 58, 75], and fluid dynamics [84, 92] problems. Both
finite difference and finite element discretizations have been investigated, while spec-
tral methods have also been adapted to quantum settings. More recently, variational
quantum algorithms have emerged as a promising alternative for near-term quantum
hardware [11, 14, 42, 55, 57, 58, 60, 76, 84, 88]. These methods combine quantum



circuits with classical optimization routines and have been successfully applied to
several differential equation problems, including linear and nonlinear PDEs.

Despite these advances, gate-based quantum algorithms face significant practical
challenges [77]. Many theoretical speedups rely on assumptions that are difficult to
satisfy on current hardware, such as efficient state preparation, fault-tolerant quan-
tum error correction, and large numbers of logical qubits. Moreover, deep quantum
circuits are particularly sensitive to noise and decoherence, limiting their practical
applicability on existing NISQ devices. These challenges have motivated researchers
to explore alternative quantum computing paradigms that may be better suited for
current hardware capabilities [52].

Among the proposed alternatives, quantum annealing has emerged as a promising
paradigm for solving optimization problems on current quantum hardware [40]. Un-
like gate-based quantum computing, quantum annealing is specifically designed for
solving optimization problems [41, 62, 78, 94]. The method is based on the adiabatic
theorem of quantum mechanics, which states that a quantum system remains in its
ground state provided that its Hamiltonian evolves sufficiently slowly. In quantum
annealing, an initial Hamiltonian with a known ground state is gradually transformed
into a problem Hamiltonian whose ground state encodes the solution of the optimiza-
tion problem [39, 68]. This optimization-based framework makes quantum annealing
particularly well suited for numerical methods in which differential equations can be
reformulated as optimization problems.

Optimization problems suitable for quantum annealing are typically formulated
as Quadratic Unconstrained Binary Optimization (QUBO) problems [63]. A QUBO
problem consists of minimizing a quadratic objective function defined over binary
variables [4, 31, 44]. QUBO is the key ingredient that enables the methodology
developed in this thesis. This formulation is particularly attractive because it can
be directly transformed into an equivalent Ising Hamiltonian [8, 15, 22, 53, 63]. The
ground state of the Ising Hamiltonian corresponds to the optimal solution of the
original optimization problem. During the annealing process, quantum fluctuations
enable the system to explore the energy landscape and potentially escape local minima
through quantum tunneling. The efficiency of quantum annealing depends not only
on the underlying optimization problem but also on how that problem is encoded as
a QUBO model [32].

The development of quantum annealing hardware by D-Wave Systems has pro-
vided researchers with access to large-scale quantum optimization devices containing

thousands of qubits. Although the extent of quantum advantage remains an active



subject of investigation, D-Wave systems have been successfully applied to a variety
of optimization [90], machine learning [93], scheduling [79], and scientific comput-
ing problems [32]. Recent studies have also explored the use of quantum annealers
for solving systems of algebraic equations and differential equations through QUBO
formulations [46, 66, 73, 86].

Nevertheless, several important questions remain unresolved. The performance
of quantum annealing depends strongly on the chosen encoding strategy, problem
formulation, dynamic range of coefficients, embedding requirements, and hardware
topology. Furthermore, the relationship between matrix properties and annealing
performance remains insufficiently understood. In particular, there is limited under-
standing of how different basis representations influence the resulting optimization
landscape and the probability of successfully reaching the ground state.

The present thesis aims to contribute to this area by investigating QUBO for-
mulations and encoding strategies for the numerical solution of differential equa-
tions, using the one-dimensional Helmholtz equation as a benchmark problem. The
Helmholtz equation serves as a canonical model in numerous scientific and engineering
applications, including acoustics, electromagnetics, optics, and quantum mechanics
(36, 43, 50, 54]. Owing to its importance and well-understood analytical properties, it
provides an ideal testbed for studying quantum annealing approaches to differential
equations.

The proposed methodology begins with the spectral discretization of the
Helmholtz equation. The resulting algebraic system is subsequently reformulated as a
least-squares optimization problem and transformed into a QUBO model suitable for
quantum annealing. To investigate the influence of the QUBO formulation on quan-
tum annealing performance, two different basis representations are considered. The
first is the truncated Fourier ansatz, which represents the solution using trigonomet-
ric basis functions. The second is a circulant ansatz constructed from shifted Fourier
kernels. Although both approaches yield equivalent continuous approximations, they
generate significantly different algebraic structures and optimization landscapes.

The primary objective of this research is to determine how different QUBO formu-
lations, induced by different ansatzes, affect the performance. Particular attention is
devoted to the rank of the resulting matrices, dynamic range, minimum energy gaps,
success rates, and mean squared error. In addition, the influence of binary encoding
parameters and discretization size is systematically investigated. The performance of
quantum annealing is compared with classical simulated annealing in order to evaluate

the practical capabilities and limitations of current quantum annealing hardware.



The main contributions of this thesis can be summarized as follows:

1. Development of a QUBO formulation for the one-dimensional Helmholtz equa-

tion based on spectral discretization.

2. Development and comparative analysis of two spectral encoding strategies based

on truncated Fourier and circulant ansatzes.

3. Identification of the influence of matrix rank, coefficient dynamic range, and

minimum energy gap on quantum annealing performance.

4. Quantitative assessment of the relative performance of quantum and classical

annealing methods across representative Helmholtz benchmark problems.

5. Identification of problem characteristics that influence the probability of obtain-

ing the ground-state solution on current D-Wave hardware.

6. Development of an alternative adiabatic ansatz motivated by the observed op-

timization behavior.

The remainder of this thesis is organized as follows. Chapter 2 introduces the
mathematical and computational background required for this work, including quan-
tum computing, adiabatic quantum computation, quantum annealing, and spectral
methods. Chapter 3 develops the spectral discretization of the Helmholtz equation
and its associated QUBO formulations. Chapter 4 describes the experimental setup
and the implementation on D-Wave quantum annealers. Chapter 5 presents numerical
experiments and analyzes the influence of different QUBO formulations and encoding
strategies on quantum annealing performance. Finally, Chapter 6 summarizes the

main findings of the thesis and discusses possible directions for future research.



Chapter 2

Quantum Computations

This chapter provides the theoretical background necessary for the remainder of the
thesis. It begins by introducing the fundamental principles of quantum mechanics
that underpin quantum computation, followed by a discussion of the gate-based and
adiabatic models of quantum computing. The section then focuses on quantum an-
nealing and describes the physical principles underlying D-Wave quantum annealers,
which solve optimization problems through the Ising model and its equivalent QUBO

formulation.

2.1 Postulates of Quantum Mechanics

Quantum computation is founded on the principles of quantum mechanics. The first
fundamental postulate states that the state of an isolated quantum system is rep-
resented by a vector in a complex Hilbert space [71, 81]. In principle, any physical
system whose states can be described within the framework of quantum mechanics
may serve as a platform for quantum computation. However, the implementation
of scalable quantum processors based on higher-dimensional systems remains experi-
mentally challenging. Consequently, most current quantum computing architectures
employ two-level quantum systems, referred to as qubits.

For a two-level quantum system, the computational basis is given by

m=(5). m=(3) 21

These two basis states play a role analogous to the classical bit values 0 and 1.
However, unlike a classical bit, a qubit may exist in a superposition of both basis

states. A general qubit state is therefore written as



W) =al0)+8[1),  |af+[8"=1, (2.2)

where a, 5 € C are probability amplitudes satisfying the normalization condition.
This representation reflects the superposition principle, according to which any linear
combination of valid quantum states is itself a valid quantum state [71].

The geometric interpretation of a single-qubit state is provided by the Bloch
sphere, illustrated in Figure 2.1. Every pure qubit state corresponds to a point on the
surface of the unit sphere. The north and south poles represent the computational
basis states |0) and |1), respectively, while all other points correspond to superposi-
tion states with different probability amplitudes and relative phases. Using the polar

angle # and the angle ¢, any pure qubit state can be written as

[4) = cos (g) |0) + € sin (g) 1), (2.3)

where 0 < 6 <7 and 0 < ¢ < 27.

Figure 2.1: Bloch sphere representation of a qubit. The north pole corresponds to
|0), the south pole to |1), and every other point on the sphere represents a pure
superposition state. The angles § and ¢ determine the probability amplitudes and
relative phase of the qubit state.

The second fundamental postulate describes the time evolution of a closed quan-

tum system. Its evolution is governed by the Schrodinger equation

i () = (D) [9(0) (2.4



where H(t) denotes the Hamiltonian of the system and A is the reduced Planck
constant [34, 81]. Since the Hamiltonian is Hermitian, the evolution of a closed quan-
tum system is unitary, preserving the norm of the quantum state and, consequently,
the total probability. This postulate provides the mathematical foundation for all
quantum-computing models, including gate-based quantum computation, adiabatic
quantum computation, and quantum annealing.

The third fundamental postulate concerns quantum measurement. When the state

[¥) = al0) + B [1)

is measured in the computational basis, the outcome is |0) with probability |a|* and
|1) with probability |3|?, in accordance with the Born rule [71, 81]. Consequently,
quantum algorithms are designed so that the desired solution is encoded in a quantum

state that can be observed with sufficiently high probability after measurement.

2.2 Hamiltonians and Time Evolution

The second postulate establishes that the evolution of a quantum system is completely
determined by its Hamiltonian. In quantum computing, the Hamiltonian plays a cen-
tral role because it specifies the energy landscape of the system and determines how
quantum states evolve over time. While gate-based quantum computing realizes com-
putations through sequences of quantum gates generated by suitable Hamiltonians,
Hamiltonian-based models such as adiabatic quantum computation and quantum an-
nealing encode the computational problem directly into the Hamiltonian itself.
Since the Hamiltonian is a Hermitian operator, its eigenvalues are real and its
eigenvectors form a complete orthonormal basis of the Hilbert space. The corre-

sponding eigenvalue equation is

H|vj) = Ajlvj), (2.5)

where \; denotes the energy associated with the eigenstate |v;). The eigenstate cor-
responding to the smallest eigenvalue is referred to as the ground state, whereas all
remaining eigenstates are called excited states. In optimization-based quantum com-
putation, the objective is to construct a Hamiltonian whose ground state represents
the optimal solution of the computational problem [1, 71].

For a time-independent Hamiltonian, the Schrodinger equation admits the ana-

lytical solution



[0(t)) = e " [1(0)). (2.6)

In many areas of quantum computing, it is convenient to adopt natural units by

setting A = 1, giving

(1)) = e [9(0)) . (2.7)
The operator

U(t) = e (2.8)

is called the time-evolution operator and describes the unitary evolution of the quan-
tum state. For time-dependent Hamiltonians, the evolution is generally more in-
volved and cannot be expressed by a simple exponential operator. Such Hamiltoni-
ans arise naturally in adiabatic quantum computation and quantum annealing, where
the Hamiltonian is intentionally varied throughout the computation. The following
section introduces this time-dependent evolution and explains how it enables opti-

mization through the adiabatic theorem.

2.3 Qubits as Spin Systems

As discussed in Section 2.1, quantum computation can be realized using a variety
of physical systems. Depending on the hardware platform, qubits may be imple-
mented using trapped ions, photons, neutral atoms, semiconductor devices, or super-
conducting circuits [51, 71]. Each hardware platform offers different advantages and
is typically designed to support a particular model of quantum computation.

Among the existing quantum-computing paradigms, quantum annealing has
emerged as one of the most successful approaches for solving large-scale combina-
torial optimization problems. Rather than executing a sequence of quantum gates,
quantum annealers exploit the continuous evolution of a quantum system toward its
lowest-energy configuration. This approach has enabled the construction of quantum
processors containing several thousand physical qubits and has motivated numerous
applications in optimization, machine learning, scheduling, and scientific computing
40, 1].

Commercial quantum annealers developed by D-Wave Systems implement qubits
as superconducting flux qubits operating at millikelvin temperatures [37, 45]. These

devices are specifically engineered to realize interacting spin systems described by the



Ising Hamiltonian. Consequently, throughout the remainder of this thesis we focus
on this physical realization of qubits and its mathematical formulation.

For quantum annealing, it is convenient to represent each qubit by a spin variable

140, 63]

S; € {—1,+1}, (29)

where the two possible values correspond to the two orientations of a spin. A collection
of interacting spins forms a physical system whose total energy depends both on the
individual spin orientations and on the interactions between neighboring spins.

The energy of such a system is described by the Ising Hamiltonian

E(S) = Z hiSi —+ Z Jijsisj; (210)

i<j

where h; denotes the local magnetic field acting on spin ¢, while J;; represents the
interaction strength between spins i and j [63]. Figure 2.2 illustrates the two possible
spin orientations together with the most common pairwise interactions appearing in
the Ising model.

The local bias terms determine whether an individual spin energetically prefers
the value +1 or —1, whereas the coupling coefficients determine the preferred relative
orientation of neighboring spins. Ferromagnetic couplings favor aligned spins, whereas
antiferromagnetic couplings favor opposite orientations. In more complex systems,
competing interactions may give rise to frustration, meaning that not all pairwise
interactions can be simultaneously minimized [80, 40].

The ground state of the Ising Hamiltonian corresponds to the spin configuration
with the minimum total energy. In quantum annealing, optimization problems are
formulated by constructing an Ising Hamiltonian whose ground state encodes the de-
sired solution. The physical mechanism used to drive the system toward this ground
state is based on adiabatic quantum evolution, which provides the theoretical foun-
dation of quantum annealing. The next section therefore introduces the principles of
adiabatic quantum computation before presenting the quantum annealing algorithm

in detail.

10



Spin variables

8; = +1 8; = -1
A spin variable s; takes
one of two values, +1 or —1,
corresponding to two possible
orientations of a spin.
Spin up Spin down

Pairwise spin interactions

Ferromagnetic interaction (J;; < 0) Antiferromagnetic interaction (J;; > 0) Competing interactions
(frustration)
Aligned Anti-aligned Anti-aligned Aligned
(preferred) (disfavored) (preferred) (disfavored)
1 1 Not all interactions
: : can be satisfied
simultaneously.
si=+1 s;=+1 si=+1 s;=-1 si=+1 s§;=-1 si=+1 s;=+1
Lower energy Higher energy Lower energy Higher energy

—— Ferromagnetic coupling (J;; < 0): favors same orientation

---- Antiferromagnetic coupling (J;; > 0): favors opposite orientation

Figure 2.2: Tllustration of spin variables and pairwise interactions in the Ising model.
The upper panel shows the two possible spin states, s; = +1. The lower panels
illustrate ferromagnetic interactions, antiferromagnetic interactions, and frustrated
spin configurations.
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2.4 Gate-Based and Adiabatic Quantum Compu-
tation

Quantum computing can be broadly divided into two major computational paradigms:
the gate-based (circuit) model and Hamiltonian-based models, among which adiabatic
quantum computation is one of the most prominent. Although both approaches rely
on the principles of quantum mechanics, they perform computations in fundamentally
different ways.

The gate-based model is the standard circuit model of quantum computation. In
this framework, a computation is performed by preparing an initial quantum state
and subsequently applying a sequence of quantum gates. Each quantum gate is
represented by a unitary operator acting on one or more qubits, while the overall
computation is described by a quantum circuit. After all gates have been applied,
the final quantum state is measured to obtain classical information [71].

The gate-based model is universal, meaning that any quantum computation can
be approximated by a sufficiently long sequence of elementary quantum gates. It
forms the basis of many well-known quantum algorithms, including Shor’s factoring
algorithm [83] and Grover’s search algorithm [35]. Despite its theoretical power, the
practical implementation of large-scale gate-based algorithms remains challenging.
Current hardware is limited by the number of available high-quality qubits, finite
coherence times, gate errors, and the absence of large-scale quantum error correction
[77].

An alternative approach is provided by adiabatic quantum computation (AQC),
which belongs to the family of Hamiltonian-based computational models. Instead
of performing computations through discrete gate operations, AQC solves computa-
tional problems by continuously evolving the Hamiltonian of a quantum system. The
computation begins from the easily prepared ground state of an initial Hamiltonian
and gradually transforms into a problem Hamiltonian whose ground state encodes
the desired solution [1, 26].

The theoretical foundation of adiabatic quantum computation is the quantum
adiabatic theorem. It states that if the Hamiltonian of a quantum system changes
sufficiently slowly, a system initially prepared in the ground state remains close to
the instantaneous ground state throughout the evolution. Consequently, after the
evolution is completed, the final state approximates the ground state of the problem

Hamiltonian and therefore represents the solution of the optimization problem.

12



Quantum annealing can be viewed as a practical implementation inspired by the
principles of adiabatic quantum computation. Unlike the idealized adiabatic model,
quantum annealing is specifically designed for solving optimization problems and
is implemented on specialized hardware, such as the D-Wave quantum annealers
considered in this thesis.

Although both computational paradigms exploit quantum-mechanical phenom-
ena, they are designed for different classes of problems. Gate-based quantum com-
putation provides a universal computational framework suitable for implementing a
wide range of quantum algorithms. In contrast, adiabatic quantum computation and
its practical realization through quantum annealing are primarily intended for solv-
ing optimization problems formulated as Hamiltonians or, equivalently, as Ising and
Quadratic Unconstrained Binary Optimization (QUBO) models.

The methodology developed in this thesis follows the latter approach. Instead of
solving differential equations directly on a quantum computer, the governing equa-
tion is first discretized using suitable basis functions. The unknown coefficients are
then determined by minimizing the residual in the least-squares sense. This optimiza-
tion problem is transformed into a QUBO formulation through binary encoding and
subsequently mapped onto an equivalent Ising Hamiltonian. The D-Wave quantum
annealer is employed to search for low-energy spin configurations approximating the
ground state of this Hamiltonian. After decoding the resulting binary variables, the
coefficients of the approximate solution are recovered.

Consequently, the D-Wave system is employed in this thesis not as a universal
quantum computer but as a specialized quantum optimizer implementing interacting
superconducting flux qubits described by an Ising spin system. This Hamiltonian-
based computational paradigm forms the basis of the methodology developed in the
following chapters. Before presenting the quantum annealing algorithm itself, the next
section introduces the quantum adiabatic theorem, which provides the theoretical

foundation for adiabatic evolution.
2.5 Quantum Annealing and D-Wave Implemen-
tation

Quantum annealing may be viewed as a practical implementation of adiabatic ideas
for optimization problems [1, 26, 40, 47]. Instead of using a sequence of quantum

gates, the quantum annealer gradually transforms a simple initial Hamiltonian into a
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problem Hamiltonian. The problem Hamiltonian is constructed so that its low-energy
states correspond to good solutions of the optimization problem.

D-Wave quantum annealers implement this process using superconducting flux
qubits with programmable local fields and couplings [12, 37, 45]. The hardware real-
izes an Ising-type model of the form (2.10) [45, 65]. The user specifies the coefficients
h; and J;;, and the device performs repeated annealing runs to sample low-energy
spin configurations. These samples are then decoded into candidate solutions of the
original optimization problem.

A practical challenge in quantum annealing arises from the limited connectiv-
ity between physical qubits on the quantum processor. Unlike the fully connected
graphs often encountered in optimization problems, D-Wave quantum annealers im-
plement a fixed hardware topology in which each qubit interacts only with a limited
number of neighboring qubits. Earlier generations of D-Wave processors employed
the Chimera architecture, whereas current Advantage processors utilize the Pegasus
topology, which provides substantially higher qubit connectivity and consequently
supports more efficient implementations of large optimization problems. Figure 2.3

compares the connectivity graphs of the Chimera and Pegasus architectures.

Figure 2.3: Connectivity graphs of the Chimera (left) and Pegasus (right) archi-
tectures employed in D-Wave quantum annealers. The Pegasus topology provides
substantially higher qubit connectivity than the Chimera topology, enabling more
efficient embeddings of optimization problems. Adapted from [33].

Since the connectivity of the logical optimization problem generally differs from
that of the hardware graph, a minor-embedding procedure is required to map the log-

ical graph onto the physical topology of the quantum processor [13, 18, 19]. During
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this process, a single logical variable may be represented by a chain of several strongly
coupled physical qubits. Consequently, the quality of the embedding directly influ-
ences the number of physical qubits required, the lengths and strengths of the chains,
and ultimately the probability of obtaining the ground-state solution [9, 45].
Most optimization problems submitted to a D-Wave annealer are first formulated
as Quadratic Unconstrained Binary Optimization (QUBO) problems [30, 63],
min 27 Qu, (2.11)

z€{0,1}"

where () is a real matrix containing the linear and quadratic coefficients of the binary
objective function. The QUBO and Ising formulations are equivalent through the
change of variables [10, 30, 63]

Si—i—l

i =2z — 1, i =
s x x 5

(2.12)

This equivalence allows problems expressed in binary variables to be implemented on

the Ising-type physical system realized by D-Wave hardware [40, 45].
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Chapter 3
Methods

In this chapter, we first present the mathematical formulation of the Helmholtz equa-
tion and develop its corresponding QUBO formulation through spectral discretiza-
tion. We then discuss the key challenges associated with encoding the discretized
problem into a QUBO model suitable for quantum annealing and introduce the pro-
posed ansatz, which is designed to mitigate these difficulties and improve the overall

performance of the approach.

3.1 Helmholtz equation

We consider the one-dimensional Helmholtz equation

{u"(l’) + 72u(x) = F(x), (3.1)

u(0) = a, u'(0) =5,
where u(z) is a real-valued function defined on the interval x € [0, 27]. The constants
a, B € R specify the boundary conditions, while 7 is a constant related to the fre-
quency of the wave. In electromagnetic applications, 7 can be interpreted as the wave
number describing the propagation of an electric field in a linear, homogeneous, and
isotropic medium [5, 89]. The function F'(z) represents an external source term, such
as an electric current or potential source, allowing the model to describe a wide range
of wave propagation phenomena [16]. The difficulty of solving the Helmholtz equation
depends strongly on the boundary conditions and the geometry of the domain under
consideration [2, 20]. Our objective is not to develop a new numerical discretiza-
tion of the Helmholtz equation itself, but rather to investigate how different spectral

representations affect the resulting QUBO formulation for quantum annealing.
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An additional advantage of the Helmholtz equation is that it admits a closed-form
solution, which enables direct validation of the numerical approximations [5]. The

solution is given by

w(z) = up(x) + % /050 sin(r(x — 8))F(s)ds, (3.2)

where uy,(z) denotes the solution of the homogeneous problem,

up(x) = acos(tx) + gsin(T:L’). (3.3)

In many practical applications, obtaining an exact solution of equation (3.1) can
be challenging, particularly for high-frequency problems where the wave number is
large relative to the size of the domain [27]. To address this difficulty, we employ
a spectral approach, in which the solution is approximated by a finite expansion in

terms of global basis functions ¢;(x).

3.2 Spectral decomposition

To obtain a numerical approximation of the solution, we employ a pseudospectral
method, in which the unknown function is represented as a finite expansion of basis

functions. Specifically, we use the pseudospectral approximation [82]

uy(z) ~ Zwi¢i(x>v (3.4)

where w; € R are unknown coefficients and ¢;(x) are basis functions defined on the
interval x € [0,2n]. For analytical convenience, these basis functions are typically
chosen to be orthonormal with respect to an appropriate weight function [82]. In the
present work, the choice of basis functions plays an additional role, as it directly influ-
ences the algebraic structure of the resulting QUBO formulation and, consequently,
the performance of the quantum annealer.

For numerical implementation, the pseudospectral approximation is combined
with a spatial discretization of the Helmholtz equation. The domain is divided into

a set of discrete points z,,, known as collocation points, defined by

Ty = ——, (3.5)
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where m = 0,1,..., N — 1. These points are uniformly distributed over the inter-
val (0,27), resulting in a regular computational grid. Such a choice simplifies the
evaluation of derivatives and interpolation procedures.

After substituting the approximation (3.4) into (3.1) and enforcing the equation
at the collocation points, we obtain a system of linear equations. Including the two
boundary conditions leads to an (/N +2)-equation system with N unknown coefficients

w;, which can be written in the compact form

aw = b, (3.6)

where w = (w1, ..., wx)T is the vector of unknown coefficients, @ is an (N +2) x N
real matrix, and b is an (/N + 2)-dimensional vector. Both a and b are determined
by the Helmholtz equation and the chosen basis functions. Solving equation (3.6)
therefore provides an approximate solution of the original Helmholtz equation on the
discretized domain.

The rank of the system matrix is closely related to the uniqueness of the solution.
If a is rank-deficient, the optimization problem may exhibit degenerate minima, i.e.,
multiple solutions associated with the same objective value. Such degeneracy can ad-
versely affect the performance of the annealer by increasing the likelihood of obtaining
ambiguous solutions. Consequently, the choice of basis functions becomes crucial, as
it influences the rank of the resulting matrix. A basis that yields a full-rank system
is expected to improve the quality and accuracy of the solution to problem (3.4).

To ensure the validity of the approximate solution of equation (3.6), or equivalently
equation (3.4), we seek the coefficients w; that minimize the Euclidean norm of the
residual error |u(x) — uyx(z)|. This can be achieved by employing the least-squares
approach, which reformulates the algebraic system (3.6) as an optimization problem.

Specifically, we define the following objective (cost) function:

Clw) = 3 [l (em) + Pun(em) — Flan) [ + fun (0) — af? + [ay(0) — B =

m=0

wlqw + 1w + Cj. (3.7)

The first term measures the residual of the Helmholtz equation at the collocation
points, whereas the remaining two terms penalize violations of the boundary con-

ditions. As a result, minimizing C(w) yields an approximation that simultaneously
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satisfies the differential equation and the prescribed boundary conditions in a least-

squares sense. The matrices and vectors appearing in the quadratic form are given
by

qg=ala, l=—2bla, Co =b'b. (3.8)

As a result we obtained quadratic, linear and constant terms which means that

we can formulate Ising problem as follows:

Higing = Z Qi W;W; + Z liw; + Co, (3.9)
i i

where the variables w; € R denote the spin values, while the coefficients ¢;; and [; are
determined by the matrix q and vector I defined in equation (3.8). Since the constant
term Cy does not affect the location of the minimum, it can be omitted during the
optimization process. Consequently, solving the original least-squares problem is
equivalent to identifying the lowest-energy configuration of the corresponding Ising
Hamiltonian.

Having formulated the least-squares problem as a QUBO and mapped it to an
Ising Hamiltonian, we now focus on the representation of the approximate solution.
To this end, we introduce two different sets of basis functions. Since each choice leads
to a different problem structure, they are presented and discussed separately in the

following sections.

3.3 Truncated Fourier Ansatz

Given the periodic nature of the Helmholtz equation, a natural choice of basis func-
tions is provided by the Fourier series, namely ¢, (z) = cos(nz) and ¢,(z) = sin(nx).
Using these functions, the approximate solution (3.4) can be represented by a trun-
cated Fourier expansion of the form

N/2
ukFA(z) = Z (w,, cos(nx) + w? sin(nz)) (3.10)
n=1
where w! and w2 denote the expansion coefficients, which play the role of spin vari-
ables in the optimization problem.
Substituting the ansatz (3.10) into equation (3.4) yields the corresponding system
matrix, denoted by a”*4. As shown in Appendix A.1, this matrix is dense, meaning

that most of its entries are nonzero. A dense matrix induces a highly connected
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interaction graph in the corresponding QUBO model, increasing the complexity of
the embedding on the quantum hardware. Consequently, the embedding process on
the quantum hardware becomes more demanding and the computational resources
required to solve the problem increase, which may ultimately restrict scalability as
the problem size grows.

Fourier-based spectral methods are widely employed in the numerical treatment
of differential equations [28, 61], especially when the underlying problem possesses
periodic structure. By expanding the solution in terms of Fourier series, differenti-
ation is converted into an algebraic operation in Fourier space, which substantially
improves the analysis and numerical implementation. Furthermore, for smooth so-
lutions, truncated Fourier expansions are known to exhibit spectral convergence and
can achieve efficiently higher accuracy than conventional finite difference or finite

element approaches [70].

3.4 Circulant Ansatz

As an alternative to the truncated Fourier expansion, we consider the circulant ansatz
3, 48, 91], defined as

N-1
u§t (@) =D Waha (), (3.11)
n=0
where the basis functions are given by
N/2
1 1,
hn _ - = ik(z—xn)
k=—N/2

with z,, denoting the collocation points introduced in equation (3.5) and

Lo I R < N2,
“T 2 |kl = N)2.

Unlike the truncated Fourier expansion, the circulant ansatz is designed to induce
a more structured algebraic system, which is expected to be advantageous for the sub-
sequent QUBO formulation. Substituting the ansatz (3.11) into the pseudospectral

C4 whose explicit form is reported in Appendix A.2.

formulation yields the matrix a
A remarkable feature of this construction is that a®“ possesses a circulant structure,
meaning that each row can be obtained by a cyclic shift of the preceding one. Such

matrices have been extensively studied in numerical analysis due to their favorable
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algebraic properties and computational efficiency [29]. In particular, circulant ma-
trices arise naturally in the discretization of periodic differential equations and are
well suited for large-scale numerical computations because they can be manipulated
efficiently using Fourier-based techniques. These properties make the circulant ansatz
especially attractive in the context of quantum annealing, where matrix structure can

significantly affect the complexity of the resulting optimization problem.

3.5 QUBO formulation

The QUBO formulation provides the optimization framework used to implement the
proposed method on quantum annealing hardware. The key idea is to encode the
continuous coefficients w; into binary variables w! € {0,1}, which can be directly
represented by qubits on the quantum processor [21]. Specifically, each coefficient is

approximated through the binary expansion

Mspin -1 1

wi= >y (—1)a<l>2—;, (3.12)

=0

al) 1, 1=0,
0, 140,

and ngpin denotes the number of binary variables used to represent each coefficient.

where

The unknowns of the problem are therefore the binary spin variables w!, and the
solution is encoded in a bitstring w € {0,1}" with r = N X ngpin.
Substituting the binary representation (3.12) into the linear system (3.6) yields
the equivalent formulation
Aw = b, (3.13)

where A is the (N + 2) x r block matrix
A=(-a|2'a|2%a| - | 27(=n"Dg ). (3.14)

Following the same least-squares approach introduced in the previous section, the
binary linear system (3.13) can be reformulated as a quadratic optimization problem
over binary variables,

min w’ Qw + Lw + C}, (3.15)
we{0,1}7
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which corresponds to the standard QUBO form. Since Q and L are determined by the
underlying algebraic system, different basis representations produce different QUBO

formulations and, consequently, different optimization landscapes. In particular,
Q=ATA, L =—-2bTA, Cl =bTb.

Consequently, solving the original Helmholtz problem is reduced to finding the
binary vector w that minimizes the QUBO objective function. This formulation can
then be directly embedded into the quantum annealing architecture of the D-Wave
processor.

Since the constant term Cj does not affect the minimizer of the objective function,
it can be safely disregarded during the optimization process. More importantly, the
performance of the QUBO formulation strongly depends on the choice of the param-
eter ngpin. A small value of ng,, may lead to an insufficiently accurate representation
of the coefficients w;, whereas a large value increases the number of binary variables
and, consequently, the size of the matrices @ and L. This results in a more demand-
ing optimization problem both in terms of memory requirements and computational
resources. Therefore, an appropriate choice of ngp, is required to balance solution
accuracy and computational feasibility.

Starting from the QUBO formulation (3.15), whose variables satisfy w; € {0,1},
it is convenient to transform the problem into the equivalent Ising representation

a;e?iilr,ll}r oTQ& + Lo + Gy, (3.16)

where the spin variables w; € {—1,1} are obtained through the linear transformation
W; = 2w; — 1.

The Ising formulation provides the physical model implemented by the D-Wave
processor. Consequently, solving the optimization problem is equivalent to preparing
the quantum system in the ground state of the corresponding Hamiltonian. In partic-
ular, the optimization problem can be encoded into the ground state of the quantum
Ising Hamiltonian

Ho=> Qo6 +> L, (3.17)
irj i
where the classical spin variables are promoted to quantum spin operators. The Pauli

operators acting on the ith qubit are defined as



where

1 0 0 1
5(2) — ()
o (0 _1) and & (1 O)’

and I denotes the 2 x 2 identity matrix. Since the problem involves r qubits, the
corresponding Hamiltonian acts on a Hilbert space of dimension 2", which rapidly
becomes prohibitively large as r increases. The ground state of I:IQ corresponds to
the optimal binary configuration and therefore determines the approximate numerical
solution of the Helmholtz equation.

To determine the ground state of H 0, D-Wave systems employ quantum annealing,

where the system evolves according to the time-dependent Hamiltonian [72]
Hygng(t) = (1 = t/T)Ho + (t/T)Hg, (3.18)

with the initial Hamiltonian
Hy = Z 62-(1)7
i

and T denoting the total annealing time. The role of Hy is to prepare the system in
an easily accessible ground state, which is then gradually transformed into the target
Hamiltonian fIQ. The objective of the annealing process is to evolve the system from
the easily prepared ground state of Hj to the ground state of Hg, which encodes the
optimal solution of the QUBO problem.

As introduced in the previous section, the quantum adiabatic theorem provides
the theoretical basis for adiabatic quantum computation and quantum annealing.
According to this theorem, if the Hamiltonian evolves sufficiently slowly and the
quantum system is initially prepared in the ground state of the initial Hamiltonian
Hy, the system remains close to its instantaneous ground state throughout the evo-
lution. Consequently, the final state approximates the ground state of the problem
Hamiltonian HQ, whose measurement yields the solution of the optimization problem
[1].

More quantitatively, the adiabatic theorem predicts that the required evolution

T:o(gL), (3.19)

gmin

time scales as

where g, denotes the minimum spectral gap of the annealing Hamiltonian,

Gmin = min |[Aq(t) — Ao(2)] (3.20)

te[0,7
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with Ag(t) and A;(t) representing the ground-state and first-excited-state energies of
Hlsing(t), respectively. The spectral gap plays a central role in determining the dif-
ficulty of the annealing process, since smaller gaps require longer evolution times to
maintain adiabaticity. Consequently, the minimum spectral gap serves as an impor-
tant indicator of the expected difficulty of the annealing process.

In practice, however, current quantum annealers operate in the presence of ther-
mal fluctuations, environmental noise, and finite annealing times. As a consequence,
the adiabatic condition is generally not satisfied exactly, and the D-Wave processor
should be viewed as a heuristic quantum optimization device rather than an ideal
adiabatic quantum computer. To better understand the impact of these non-ideal ef-
fects, we explicitly evaluate the spectral gap associated with equation (3.18) in several
numerical experiments. Furthermore, in section 5.6 we investigate the relationship
between the spectral gap and the performance of quantum annealing by considering
a generic ansatz inspired by the adiabatic framework.

It should be emphasized that the computation of the spectral gap itself becomes
increasingly challenging as the problem size grows. Indeed, since the dimension of
the quantum Hamiltonian scales as 2", determining the eigenvalues required in equa-
tion (3.20) rapidly becomes computationally expensive for large QUBO matrices Q
and L.
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Chapter 4

Experimental Setup and
Computational Framework

To ensure reproducibility and facilitate the interpretation of the reported results,
this chapter presents the computational framework used throughout the thesis. It
describes the D-Wave quantum annealing platform, the software environment, the
embedding procedure, the experimental protocol, and the performance metrics em-

ployed in the numerical investigations.

4.1 D-Wave Platform

The numerical and experimental investigations reported in this thesis were carried out
using quantum annealing hardware developed by D-Wave Systems. Unlike gate-based
quantum computers, which perform computations through sequences of quantum
gates, D-Wave processors are designed to solve optimization problems formulated
as Ising or Quadratic Unconstrained Binary Optimization (QUBO) models. In this
paradigm, the optimization problem is encoded into an energy landscape specified
by qubit biases and coupler interactions. The quantum annealing procedure then
searches for the lowest-energy configuration of the system, which corresponds to the
optimal solution of the encoded problem.

The optimization problem naturally supported by a D-Wave quantum processor

is described by the Ising objective function

i<j
where x; € {—1,+1} represent spin variables, h; denote local fields (biases), and

Jij characterize the interaction strengths between pairs of spins. The objective is to
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Figure 4.1: D-Wave Advantage quantum annealing system. Source: D-Wave Systems
Inc.

determine the spin configuration that minimizes the corresponding energy function.

Consequently, problems that do not naturally possess an Ising structure must first
be reformulated into either an Ising or a QUBO model before they can be executed
on the quantum annealer. In the framework developed in this thesis, the discretized
Helmholtz equation is first recast as a least-squares optimization problem. The result-
ing objective function is subsequently expressed as a QUBO model and transformed
into an equivalent Ising Hamiltonian, enabling its implementation on the D-Wave

quantum annealing platform.

4.2 Physical Realization of Quantum Annealing

The physical implementation of quantum annealing on D-Wave processors relies on
the evolution of a controllable transverse-field Ising spin system described by the

time-dependent Hamiltonian

A . B , N
) =25+ 20 (St e )

i i<j
where s € [0, 1] denotes the normalized annealing parameter, h; and J;; are the local
biases and coupling strengths defining the optimization problem, and o, and o, are

Pauli operators. The functions A(s) and B(s) determine the annealing schedule.
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Specifically, A(s) represents the transverse-field (or tunneling) energy responsible for
inducing quantum fluctuations, whereas B(s) controls the strength of the problem
Hamiltonian.

At the beginning of the anneal, the transverse-field term dominates the dynam-
ics, with A(s) taking a large value while B(s) remains close to zero. Consequently,
the qubits are initialized in a superposition of computational basis states and can
explore the solution space through quantum tunneling. As the anneal progresses, the
transverse-field strength is gradually reduced while the contribution of the problem
Hamiltonian increases.

The quantum annealing process exploits the exponentially large configuration
space available to the qubits. A system consisting of two qubits can represent 22 = 4
possible states, while three qubits can represent 22 = 8 states. More generally, a sys-
tem containing n qubits defines an energy landscape over 2" possible configurations.
Thus, each additional qubit doubles the size of the search space, allowing increasingly
complex optimization problems to be represented.

As the annealing schedule progresses, the qubit biases and couplings defining the
optimization problem are gradually introduced, causing correlations and quantum
entanglement to develop among the qubits. During this evolution, the quantum state
simultaneously explores many candidate solutions. If the evolution is sufficiently slow,
the adiabatic theorem predicts that the system remains close to its instantaneous
ground state throughout the annealing process.

Near the end of the anneal, A(s) approaches zero and B(s) reaches its maximum
value, such that the system is governed primarily by the Ising Hamiltonian encoding
the optimization problem. Following measurement, the qubits collapse into classical
binary states, yielding a candidate solution to the optimization problem. Ideally, this
solution corresponds to the global minimum of the objective function, although near-
optimal low-energy states may also be obtained in practice. Remarkably, the entire
annealing procedure is completed on modern D-Wave processors within only a few

microseconds.

4.3 QOcean Software Framework

All experiments were implemented using D-Wave’s Ocean Software Development Kit
(SDK). The Ocean framework provides a unified interface for constructing optimiza-

tion models and submitting them to a variety of computational backends, including
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quantum processing units (QPUs), quantum-classical hybrid solvers, and classical
samplers.

The primary experiments reported in this thesis were performed using D-Wave
Advantage quantum processors accessed through the Leap cloud platform. Classical
and hybrid samplers were additionally employed to validate the correctness of the
formulations and benchmark the obtained results.

The QPU solver was selected through the DWaveSampler interface, which auto-
matically connects to an available processor and retrieves the corresponding hardware

topology and connectivity information.

4.4 Minor embedding

Modern D-Wave processors employ specialized hardware connectivity graphs. Earlier
generations of D-Wave quantum annealers were based on the Chimera architecture,
whereas the current Advantage processors employ the Pegasus topology, which offers
substantially higher qubit connectivity and improved embedding capabilities [33].

Despite these advances, the connectivity graph associated with an optimization
problem generally differs from the connectivity graph available on the physical hard-
ware. Consequently, a direct implementation of the logical problem graph is often
not possible.

To overcome this limitation, a technique known as minor embedding is employed.
In this approach, a single logical variable may be represented by a chain of multiple
physical qubits connected through strong ferromagnetic couplings. Ideally, all qubits
within a chain maintain the same state throughout the annealing process and therefore
behave as a single logical variable.

Following annealing, the integrity of each chain is examined. If all qubits within
a chain return the same value, the chain is considered unbroken. Otherwise, a chain
break occurs, requiring the application of a chain-resolution strategy such as majority
voting to infer the corresponding logical state.

Although essential for mapping optimization problems onto the hardware topol-
ogy, the embedding procedure introduces additional qubit overhead and often repre-
sents one of the principal limitations when solving large-scale optimization problems

on current quantum annealing devices.
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4.5 Sampling Procedure

Quantum annealing is inherently probabilistic. Consequently, a single annealing run
does not guarantee that the global minimum will be obtained. To increase the prob-
ability of identifying optimal solutions, each problem instance is sampled multiple
times.

The number of independent annealing cycles is controlled through the parameter
num reads. Each read corresponds to a complete annealing and measurement process
and produces one candidate solution.

Throughout this work, a large number of reads was employed for every prob-
lem instance to obtain reliable statistical information regarding solution quality and
success probability. The collection of returned samples was subsequently analyzed
to identify the returned samples were ranked according to their energies and subse-
quently analyzed to evaluate both their optimization quality and the accuracy of the

reconstructed numerical solution

4.6 Evaluation of Candidate Solutions

Although the quantum annealer returns solutions ordered according to their energies,
the lowest-energy configuration is not necessarily the physically correct solution of
the original differential equation.

In some cases, low-energy configurations may not correspond to accurate approx-
imations of the analytical solution. Therefore, energy minimization alone cannot be
used as the sole performance metric.

To verify solution quality, every candidate configuration returned by the annealer
was decoded into the corresponding coefficient vector. The reconstructed solution was
then substituted back into the discretized Helmholtz equation and evaluated using
the mean squared error (MSE). The MSE was selected because it provides a direct
quantitative comparison between the reconstructed numerical solution and the known
analytical solution. This additional verification step enabled the identification of false
positives and ensured that low-energy states corresponded to meaningful numerical

solutions.
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4.7 Software Environment and Implementation
Details

The computational framework developed for this thesis was implemented in Python
using the Ocean SDK and several supporting libraries for numerical computation,
optimization, data processing, visualization, and quantum annealing. A summary of

the software packages used and their primary functions is provided in Table 4.1.

Table 4.1: Software packages used in the experimental implementation.

Package Purpose

NumPy Numerical computations and matrix operations.

SciPy Optimization routines.

dimod Creation of Binary Quadratic Models.

dwave-system Access to D-Wave quantum processors.
EmbeddingComposite Automatic minor embedding onto the hardware graph.
scikit-learn Computation of MSE and other performance metrics.
Matplotlib Generation of plots and visualizations.

Pandas Data storage and analysis.

The quantum annealing experiments were executed using the DWaveSampler class,
which provides access to D-Wave quantum processing units through the Leap cloud
service. To account for the connectivity constraints of the hardware graph, the sam-
pler was wrapped within the EmbeddingComposite framework, which automatically
performs minor embedding of the logical problem graph onto the physical qubit ar-
chitecture.

For comparison purposes, the SimulatedAnnealingSampler provided by Ocean
was employed to solve identical Ising instances on classical hardware. This enabled
a direct comparison between classical and quantum annealing approaches under the
same problem formulation.

The quality of the obtained solutions was evaluated through the mean squared
error (MSE) between the analytical and reconstructed solutions using the mean

squared error () function from scikit-learn.

4.8 Workflow

The overall workflow proposed in this thesis is illustrated in Figure 4.2. The method-

ology consists of a sequence of stages that transform the differential equation into
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a form suitable for quantum annealing, beginning with the spectral discretization of

the problem and concluding with the validation of the obtained solution.
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Figure 4.2: Workflow of the proposed quantum annealing framework for solving differ-
ential equations. The procedure consists of discretizing the differential equation using
spectral basis functions, constructing the corresponding linear system, reformulating
it as a least-squares optimization problem, converting it into a QUBO model and an
equivalent Ising Hamiltonian, embedding the problem onto the quantum hardware
graph, sampling candidate solutions using the D-Wave quantum annealer, and finally
decoding and validating the obtained solution using the mean squared error (MSE).

To facilitate reproducibility, the complete implementation developed for this thesis
has been made publicly available through the following GitHub repository. https:
//github.com/aigerimhatake/QA-.
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Chapter 5

Experiments and Results

The objective of this chapter is to evaluate the proposed QUBO formulations and
determine how the choice of ansatz, encoding parameters, and problem characteristics
influence the performance of quantum annealing. The analysis is carried out on the
D-Wave quantum annealing platform, where the influence of the approximation size
N and the number of spins ng,;, spin employed in the binary encoding scheme is
systematically investigated.

To assess the robustness and applicability of the proposed framework, the exper-
iments were performed for a wide range of problem configurations. These include
different values of the wave number 7, multiple combinations of the boundary condi-
tion parameters o and (3, and various source functions F'(z). Such a comprehensive
set of benchmark problems enables a detailed examination of the method under di-
verse physical conditions. Moreover, it provides insight into the impact of the ansatz
construction and binary encoding scheme on the optimization landscape, as well as on
the accuracy and success of the quantum annealing process. These benchmark prob-
lems were selected to evaluate the robustness of the proposed methodology under
increasingly challenging physical and numerical conditions.

Because quantum annealing is inherently a heuristic optimization approach, ap-
proximation accuracy alone does not provide a complete characterization of its per-
formance. To complement the error analysis, we therefore evaluate each formulation
using the success rate (SR), defined as the percentage of annealing runs that recover
the exact solution among 1000 independent executions. The success rate serves as
an indicator of the robustness and consistency of the quantum annealing process,
reflecting its capability to repeatedly locate the global optimum of the corresponding
optimization problem.

In addition to evaluating the performance of quantum annealing independently, a

comparative study with classical simulated annealing (SA) was carried out. The SA
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experiments were implemented using the corresponding sampler provided within the
D-Wave Ocean framework and were based on the same Ising formulations considered
by the quantum annealer. This comparative analysis facilitates a direct assessment
of the effectiveness of quantum and classical annealing strategies and highlights their
relative capabilities in solving the optimization problems arising from the discretized
Helmholtz equation.

For a more convenient analysis of the QUBO formulation, we exploit the binary
nature of the variables, namely w? = w;. This property allows the linear contribution
L to be incorporated into the diagonal elements of the quadratic matrix @, yielding
the equivalent compact representation

min w’ Qu + C. (5.1)
we{0,1}"

To further assess the algebraic properties of the QUBO matrices and the per-
formance of the proposed ansatzes, we also consider the dynamic range (DR), which
quantifies the ratio between the largest and smallest nonzero magnitudes of the QUBO
matrix entries. Originally introduced in signal processing to characterize the ratio be-

tween the smallest and largest possible values of a measurable quantity, the dynamic

DR(Q) = log, <M) : (5.2)

range is defined as

D(Q)
where Q denotes the QUBO matrix, while D(Q) and D(Q) represent the absolute

values of the largest and smallest nonzero entries of Q, respectively. Notice that only
nonzero entries are considered in the denominator [69]. Previous studies have shown
that large dynamic ranges may adversely affect the performance of both classical and
quantum annealing algorithms, making it more difficult to identify optimal solutions.

Finally, we investigate the minimum energy gap associated with the time-
dependent quantum Ising Hamiltonian introduced in equation (3.20). The importance
of this quantity stems from its fundamental role in adiabatic quantum evolution, as it
directly affects the probability that the system remains in its ground state throughout
the annealing process. Motivated by this observation, the final part of this chapter
examines an alternative ansatz specifically designed to maximize the spectral gap and
studies its impact on the performance of quantum annealing.

In the subsequent analysis, the matriz rank, dynamic range (DR), and minimum
enerqgy gap gmin are regarded as predictive indicators of the expected performance of
a given ansatz, since they can be evaluated directly from the corresponding QUBO

formulation. In contrast, the success rate (SR) and mean squared error (MSE) provide
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empirical measures of performance and are used to assess the actual quality and

reliability of the solutions produced by the quantum annealer.

5.1 Homogeneous Helmholtz equation

To illustrate the proposed encoding strategies based on either the truncated Fourier
series ansatz (3.10) or the circulant ansatz (3.11), we first consider a simple homoge-

neous Helmholtz problem with prescribed initial conditions,

{w'u) ful@)=0, 0<w<2m, (5.3)

u(0) =0.5, /(0) =0.

The analytical solution is readily obtained from (3.2) and is given by u(z) = 1 cos(z).
This experiment serves as a baseline validation of the proposed methodology before
considering more challenging inhomogeneous problems.

Since the exact solution consists of a single Fourier mode, choosing N = 2 together
with ngpin > 2 is sufficient to represent it exactly within the approximation framework
(3.4) for both basis constructions considered in this work. Consequently, one may
expect both simulated annealing (SA) and quantum annealing (QA) implemented
on the D-Wave platform to recover the exact solution of problem (5.3) with high
accuracy.

Nevertheless, in practical applications the exact form of the solution is generally
unknown a priori. As a result, appropriate values of the approximation order N and
the number of spins ngpn used in the binary encoding cannot be determined before-
hand. These parameters must therefore be selected through a systematic iterative
procedure, in which they are progressively adjusted to achieve a suitable balance

between approximation accuracy and optimization complexity.

Table 5.1: The rank, DR and energy minimum gap returned by both ansatz, TFA
and CA, are shown for different values of the number of spins, while maintaining fixed
the number of basis functions, i.e. N = 2. The last two columns show a comparison
of the SR achieved by both SA and QA.

rank(a) DR Grmin SR SA (%) SR QA (%)

Ngpin 1FA CA TFA CA TFA CA TFA CA TFA CA
2 2 2 3.3 47 1.9%x107Y 9.9x1072 96.0 99.6 99.3 87.1
3 2 2 5.3 6.7 41x107% 25x107% 81.4 978 658 32.0
4 2 2 7321 87 49x107* 78x10% 524 56.1 158 6.6
5) 2 2 93 107 3.9x10% 19x107% 36.8 28.0 3.1 1.2
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Since the exact solution can be represented within the considered parameter
regime, the success rate (SR) serves as an appropriate metric for evaluating the per-
formance of both ansatzes. The corresponding results, together with the remaining
performance indicators, are reported in Table 5.1 for different values of ngpi,, while
keeping the number of basis functions fixed.

Overall, the truncated Fourier ansatz (TFA) exhibits slightly superior performance
on both the simulated annealing (SA) and quantum annealing (QA) platforms. This
observation is consistent with the theoretical considerations presented earlier, as the
TFA generally yields higher success rates and larger minimum energy gaps for most
values of ngpn. Furthermore, the results reveal a noticeable decline in the success
rate of the quantum annealer as ngy, increases. This behavior is accompanied by a
reduction in the minimum energy gap gmin, which becomes increasingly small as the
dimension of the quantum Hamiltonian grows exponentially with N X ngpn.

The observed degradation in QA performance can be understood in the context of
the adiabatic theorem. Smaller spectral gaps require longer annealing times to ensure
that the system remains in its ground state throughout the evolution. In practice,
however, maintaining adiabaticity over extended time intervals becomes increasingly
challenging due to hardware limitations, including thermal excitations, control errors,
noise, and other non-ideal effects. As a consequence, the probability of successfully
reaching the ground state decreases, leading to a lower success rate for larger problem

instances.

5.2 Inhomogeneous Helmholtz equation with
monochromatic driving I

We next investigate the effect of a monochromatic forcing term on the performance
of both simulated annealing (SA) and quantum annealing (QA). To this end, we

consider the boundary value problem

{wfu-) + u<xzf )1 Seos(2r), 0<x<2m, (5.4)

u(0) =0, /(0)=0.

1
2

solution contains two Fourier modes, it can be represented exactly by the proposed

The corresponding analytical solution is u(z) (cos(z) — cos(2x)). Since the exact

approximation (3.4) provided that N > 4 and ngp, > 2. Compared with the homoge-
neous problem studied in Section 5.1 this benchmark allows us to assess the proposed

methodology for solutions with increased spectral complexity while still retaining an
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exact analytical solution for validation. Consequently, this test case allows us to
investigate the influence of the binary encoding on the optimization process while
maintaining sufficient approximation capability to recover the exact solution.

As in the previous experiment, we analyze the impact of the approximation and
encoding parameters separately. First, the number of basis functions is fixed at N = 4,
and the number of spins ngpy is varied. Subsequently, the value of ngp, is kept fixed
while the approximation order /V is increased. This strategy enables us to distinguish
between the effects of the approximation space and those arising from the binary
encoding scheme.

The results obtained for N = 4 are summarized in Table 5.2. For both the
truncated Fourier ansatz (TFA) and the circulant ansatz (CA), increasing the number
of spins leads to a wider dynamic range and a progressive reduction of the minimum
energy gap. As a consequence, the success rates of both SA and QA decrease as ngpin
grows. The deterioration is particularly pronounced for QA, reflecting the increased
difficulty of maintaining adiabatic evolution when the minimum spectral gap becomes
small. These observations are consistent with the trends reported in the previous
experiment and further highlight the relationship between the dynamic range, spectral

gap, and annealing performance.

Table 5.2: The rank, DR and energy minimum gap returned by both ansatz, TFA
and CA, are shown for different values of the number of spins, while maintaining fixed
the number of basis functions, i.e. N = 4. The last two columns show a comparison

of the SR achieved by both SA and QA.

rank(a) DR Gmin SR SA (%) SR QA (%)
Nspin  LTFA  CA TFA CA TFA CA TFA CA TFA CA

2 3 4 536 81 13x10% 15x107' 411 79.1 112 23
3 3 4  56.6 10.1 88x107* 38x107? 188 33 1.3 25

The results presented in Table 5.2 reveal notable differences between the two
ansatzes. In particular, the truncated Fourier ansatz (TFA) generates a rank-deficient
matrix, whereas the circulant ansatz (CA) yields a full-rank matrix. As discussed
in Section 3.2, rank deficiency may introduce multiple spurious solutions, thereby
increasing the likelihood of false positives and complicating the optimization process.
Consequently, the optimization landscape becomes more ambiguous, making it more
difficult for both SA and QA to identify the physically meaningful solution.

Another important observation concerns the dynamic range (DR), which increases

with the number of spins ngp, for both ansatzes. However, the TFA consistently ex-
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hibits a larger dynamic range than the CA. Since large dynamic ranges are generally
associated with more challenging optimization landscapes, this result suggests a po-
tential disadvantage of the TFA formulation. The consistently smaller dynamic range
produced by the circulant ansatz provides further evidence that its algebraic structure
is inherently better suited for optimization on current quantum annealing hardware.

Furthermore, increasing ngpi, enlarges the dimension of the corresponding Hamil-
tonian, leading to a progressive reduction of the minimum energy gap ¢gmi,. As the
spectral gap approaches zero, the performance of both simulated annealing (SA) and
quantum annealing (QA) deteriorates, as reflected by the decreasing success rates.
Nevertheless, the CA consistently achieves higher success rates on both platforms,
indicating greater robustness and reliability as the complexity of the optimization
problem increases. These findings are in agreement with the theoretical considerations
presented earlier and further support the use of the circulant ansatz for constructing

QUBO formulations suitable for annealing-based optimization.

Table 5.3: Comparison on TFA and CA on metrics for nspin = 2

rank(a) DR MSE (SA) MSE (QA)
N TFA CA TFA CA TFA CA TFA CA
4 3 4 53.609 8.189 0 0 0 0
8 7 8 63.796 56.579 0 0.011 0 0
10 9 10 65.077 57.803 0 0.026 0.124 0.044
18 17 18 69.398 59.189 0 0.065 0.5 0.241

In the second part of this experiment, summarized in Table 5.3, the number of
spins is kept fixed while the approximation order N is progressively increased. This
analysis allows us to investigate how enlarging the approximation space affects the
properties of the resulting QUBO formulation and, consequently, the performance of
the annealing algorithms.

The results show that the truncated Fourier ansatz (TFA) continues to produce
rank-deficient matrices, whereas the circulant ansatz (CA) consistently yields full-
rank matrices across all tested values of N. In addition, although the dynamic
range (DR) increases for both formulations as the approximation order grows, it
remains systematically smaller for the CA. This observation suggests that the opti-
mization landscape associated with the circulant ansatz is generally more favorable
for annealing-based optimization.

A comparison of the solution accuracy further highlights the differences between

the two approaches. In the quantum annealing experiments, the CA consistently
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achieves lower mean squared errors (MSE), indicating a more accurate reconstruction
of the exact solution. For simulated annealing, however, the TFA exhibits slightly
lower MSE values in some cases. Nevertheless, the overall QA results suggest that
the combination of full-rank matrices and a reduced dynamic range contributes to
improved optimization performance, ultimately leading to more accurate solutions.
These findings provide additional evidence that the structural properties of the QUBO

matrix play a significant role in determining the effectiveness of quantum annealing.

—— QACA
—o— QATFA
----- SA CA
0.61 —a- SATFA

0.8

Mean squared error

Figure 5.1: MSE, retrieved by SA and QA in the scenario of Eq. (5.4), as a function of
the number NV of spin functions for a fixed value of the number of spins, i.e. ngpin = 2..

As illustrated in Figure 5.1, the computational study was restricted to the range
N = 4,...,20 due to the rapid growth of the corresponding QUBO matrices with
increasing approximation order. Among the configurations considered, the smallest
mean squared errors (MSEs) were obtained for N = 4 and N = 6. Beyond these
values, the solution accuracy gradually deteriorates as /N increases.

This behavior suggests that enlarging the approximation space does not neces-
sarily improve the performance of the annealing algorithms. On the contrary, the
resulting increase in problem size makes the identification of the ground state progres-
sively more challenging. In addition to the increased optimization complexity, several
practical factors may further affect the quality of the obtained solutions. These in-
clude numerical round-off errors introduced during the construction of the QUBO
and Ising formulations, as well as the finite precision with which the Ising coefficients
can be represented on the quantum annealing hardware. Collectively, these effects

may contribute to the observed degradation in performance for larger values of N.
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Figure 5.2: (Upper row) Exact and approximated solution returned by QA endowed
with TFA and CA for increasing number of spins, ngpin = 2,8, 10 from left to right,
and fixed N = 4. (Lower row) Similarly, exact and approximated solution returned by
QA endowed with TFA and CA for increasing number of basis functions, N = 4,10, 18
from left to right, and fixed ngpi, = 2.

The upper row of Figure 5.2 illustrates the effect of increasing the number of
spins while keeping the approximation order NV fixed. This analysis allows us to iso-
late the influence of the binary encoding resolution on the quality of the obtained
solutions. A comparison between the two ansatzes shows that the circulant ansatz
(CA) consistently provides a more accurate reconstruction of the solution than the
truncated Fourier ansatz (TFA) across all considered cases. Nevertheless, both ap-
proaches achieve relatively small mean squared errors, indicating that variations in
Ngpin have only a moderate impact on the overall approximation accuracy.

The lower row of Figure 5.2 examines the complementary scenario, where the num-
ber of spins is fixed and the approximation order NV is increased. This setting enables
an assessment of how enlarging the approximation space affects the solution quality.
For all representative cases considered N = 4, N = 10, and N = 18, the circulant
ansatz again outperforms the truncated Fourier ansatz, yielding more accurate ap-
proximations of the exact solution. These results further support the conclusion that
the circulant ansatz provides a more effective and robust framework for constructing
QUBO formulations suitable for annealing-based optimization.

Overall, this experiment confirms that the advantages of the circulant ansatz

persist beyond the simplest benchmark problem. The full-rank algebraic structure,
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smaller dynamic range, and larger minimum spectral gap consistently translate into

higher success rates for both simulated and quantum annealing.

5.3 Inhomogeneous Helmholtz equation with
monochromatic driving II
u(0) = 0.5,4/(0) = 1. (5:5)

In contrast to the previous benchmark, the present experiment investigates

{u”(x) +4u(x) = —6cosdx,0 < x < 2,

whether the observed advantages of the circulant ansatz persist when the solution
contains higher-frequency components requiring a larger approximation space. In
Experiment 3, the Helmholtz equation was supplemented with a forcing term, and
the primary objective was to investigate the influence of the approximation order N
on the performance of the annealing algorithms. Based on the structure of the ex-
act solution, it was anticipated that an exact representation would be achieved when
N = 8. The numerical results confirmed this expectation, with the lowest energy
state being recovered at this value of N.

The corresponding plots highlight the importance of selecting an appropriate ap-
proximation order. While increasing N enlarges the approximation space, the results
indicate that the most accurate solutions are obtained when the chosen value of N
matches the complexity of the underlying solution. Furthermore, the experiments
demonstrate that a binary encoding with ng,, = 2 is sufficient to accurately repre-
sent the solution, suggesting that increasing the number of spins does not provide a

significant advantage for this particular problem instance.

Table 5.4: Comparison of TFA and CA on metrics for nspin=2.

rank(a) DR MSE (SA) MSE (QA)
N TFA  CA TFA CA TFA CA TFA CA
4 3 4 6.882 58.064 0.374 1.251 0.125 1.054
8 6 8 61.456 59.184 0.124 0 0.124 0
10 8 10 64.511 58.201 0.124 0.008 0.125 0.041
18 16 18 68.288 59.112 0.124 0.027 0.501 0.145

In this part of the study, summarized in Table 5.4, the number of spins is kept fixed
while the approximation order NV is gradually increased. This allows us to examine
how the size of the approximation space influences the properties of the resulting

QUBO formulation and the performance of the annealing algorithms.
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The rank analysis shows that the truncated Fourier ansatz (TFA) continues to
produce rank-deficient matrices, whereas the circulant ansatz (CA) consistently gen-
erates full-rank matrices for all considered values of N. Although both formulations
exhibit relatively large dynamic ranges (DR), the values associated with the CA re-
main systematically smaller than those of the TFA. In addition, the CA achieves lower

mean squared error (MSE) values in the quantum annealing experiments, indicating
a more accurate approximation of the exact solution.

These observations suggest that the structural properties of the QUBO matrix

play an important role in determining the effectiveness of quantum annealing. In
particular, maintaining a full-rank matrix while simultaneously reducing the dynamic

range appears to improve the optimization process, ultimately leading to lower MSE
values and enhanced solution accuracy.
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Figure 5.3: A comparison of QA and SA applied to both methods, with the number
of spins fixed at 2 and varying N = 4,6,...,20. The corresponding MSE values are

As shown in Figure 5.3, the circulant ansatz (CA) successfully recovers the optimal
solution when N = 8 whereas the truncated Fourier ansatz (TFA) does not achieve
comparable performance for any of the tested values of N. This result highlights a
significant difference between the two formulations and demonstrates the superior
effectiveness of the CA for the problem under consideration.

The observed behavior suggests that the structural properties of the CA lead to

a more favorable optimization landscape, enabling the annealing process to identify

the ground state more reliably. In contrast, the TFA fails to exhibit a similar level

of performance across the examined range of approximation orders. Consequently,
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these results provide further evidence that the circulant ansatz offers a more robust
and efficient framework for constructing QUBO formulations suitable for quantum

annealing.
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Figure 5.4: (Upper row) Exact and approximated solution returned by QA endowed
with TFA and CA for a fixed number of basis functions (i.e. N = 4) and an increasing
number of spins: N = 2,8, 10 from left to right, respectively. (Lower row) Similarly,
exact and approximated solution returned by QA endowed with TFA and CA for a
fixed number of spins (i.e. ngpin = 2) and an increasing number of basis functions:
N = 4,10, 18 from left to right, respectively.

The upper row of Figure 5.4 presents the results obtained for a fixed approxi-
mation order N = 8 and different values of the binary encoding parameter, namely
Nspin = 2,8, and 10. In all cases, the circulant ansatz (CA) provides a more accurate
representation of the solution than the truncated Fourier ansatz (TFA), as evidenced
by its superior reconstruction of the frequency components of the exact solution.

A similar trend can be observed in the lower row of Figure 5.4, where the number
of spins is fixed at ngpin = 2 and the approximation order is varied N = 4,10, and 18.
Across all considered values of N, the CA consistently outperforms the TFA, yielding
a closer agreement with the exact frequency spectrum. These results further confirm
the superior capability of the circulant ansatz to capture the underlying spectral
structure of the solution and reinforce the conclusions drawn from the quantitative

performance metrics.
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5.4 Inhomogeneous Helmholtz equation with
polichromatic driving

This benchmark represents a substantially more demanding test of the proposed
methodology, as both the forcing term and the analytical solution contain multi-
ple interacting Fourier modes. In this part of the analysis, reported in Table 5.5,
the number of spins is kept fixed while the approximation order N is progressively
increased. This enables an investigation of how the size of the approximation space
influences the properties of the resulting QUBO formulation and the accuracy of the

obtained solutions.

{u”(a:) + u(zr) = 2cos 3z — 3.75cosdx — 0.75sin 2x + 2sin 3z,0 < x < 27, (5.6)

u(0) = —0.25,4/(0) = 0.

Table 5.5: Comparison of TFA and CA on metrics for fixed npsin=3.For fixed nspin
= 3 and with an increase in N TFA encounters rank deficiency, leading to a larger
dynamic range than CA. As a result, the mean squared error (MSE) of the TFA is
greater than CA.

rank(a) DR MSE(SA) MSE(QA)
N TFA CA TFA CA TFA CA TFA CA
4 3 4 58.794 9.303 0.249 1.280 0.124 0.919
8 7 8 66.212 60.261 0.031 0.015 0.125 0.054
10 9 10 67.077 60.492 0.031 0.006 0.187 0.145
18 17 18 71.398 61.270 0.031 0.035 0.688 0.236

The rank analysis indicates that the truncated Fourier ansatz (TFA) generates
rank-deficient matrices, whereas the circulant ansatz (CA) consistently preserves full
rank across all considered values of N. Although the dynamic range (DR) remains
relatively large for both formulations, it is systematically smaller for the CA. In
addition, the CA achieves lower mean squared error (MSE) values in the quantum
annealing experiments, demonstrating a more accurate approximation of the exact
solution.

These findings further support the hypothesis that the structural characteristics of
the QUBO matrix have a significant impact on annealing performance. In particular,
preserving full rank while maintaining a reduced dynamic range appears to facilitate
the optimization process, resulting in improved solution quality and lower MSE values

for quantum annealing.
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Figure 5.5: MSE, retrieved by SA and QA in the scenario of Eq. (5.6), as a function of
the number N of spin functions for a fixed value of the number of spins, i.e. ng, = 3.

The objective of this experiment, illustrated in Figure 5.5, is to examine the influ-
ence of the approximation order N and the number of spins ngp, on the performance
of the annealing process. Based on the structure of the exact solution, we expect the
minimum ground-state energy to be attained when N = 8. Furthermore, representing
the coeflicient value 0.25 in the adopted binary encoding requires at least three spins,
suggesting that ng,, = 3 should be sufficient to accurately capture the solution.

The numerical results are consistent with these theoretical considerations. In par-
ticular, the circulant ansatz (CA) achieves its lowest energy at N = 8, indicating
successful recovery of the optimal solution. This observation highlights the impor-
tance of selecting an approximation order that is well matched to the spectral content
of the exact solution. It also demonstrates that increasing the number of spins beyond
the minimum required for an accurate binary representation does not necessarily lead

to further improvements in performance.
5.5 Homogeneous Helmholtz equation with irra-
tional initial conditions

The previous benchmarks considered rational boundary conditions that could be rep-
resented exactly using a finite binary expansion. In practical applications, however, ir-

rational values frequently arise and must be approximated within the binary encoding.
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The purpose of this experiment is therefore to investigate how this additional approx-
imation error affects the performance of the proposed quantum annealing framework.
The final experiment was constructed such that the parameter a cannot be repre-
sented exactly using the adopted binary encoding. As a result, the corresponding
QUBO formulation inherently contains approximation errors arising from the finite
precision of the encoding scheme. This scenario provides a useful benchmark for
assessing the robustness of the proposed methodology under non-ideal conditions.
The numerical results show that the performance of quantum annealing degrades
as the approximation order N increases. The observed behavior suggests that the
combined effect of encoding inaccuracies, larger QUBO matrices, and increased opti-
mization complexity makes the recovery of the ground state progressively more dif-
ficult. Consequently, the quality of the solutions obtained by the quantum annealer

decreases for larger values of N.

u'(x) +u(r) =0,0 <z < 2m,
5 (5.7)
u(0) = %2, u'(0) = 0.
Table 5.6: Comparison of TFA and CA on metrics for N = 2
rank(a) DR Gmin MSE(SA)  MSE(QA)
nspin TFA CA TFA CA TFA CA TFA CA TFA CA

2 2 2 6.0 54 19x107' 1.02x10"' 0.02 0.02 0.02 0.02
3 2 2 61 85 41x10? 24x1072 10% 10% 1072 1073
4 2 2 75 88 49x10% 49x103 107% 107 103 1073
5 2 2 95 108 15x10% 19x103 102 10°* 1073 1073

The results presented in Table 5.6 show that both the circulant ansatz (CA) and
the truncated Fourier ansatz (TFA) generate full-rank matrices A. As the number
of spins increases, the dynamic range (DR) of the corresponding QUBO formulation
also increases for both methods. At the same time, the minimum energy gap ¢min
decreases and gradually approaches zero as the dimension of the Hamiltonian grows.
This reduction in the spectral gap is accompanied by a decline in the success rates of
both simulated annealing (SA) and quantum annealing (QA).

Such behavior is consistent with the predictions of the adiabatic theorem, accord-
ing to which smaller energy gaps require longer evolution times in order to maintain
adiabaticity and preserve the ground state throughout the annealing process. Con-

sequently, identifying the optimal solution becomes increasingly challenging as the
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problem size increases. Despite these effects, the mean squared error (MSE) values
obtained by the two ansatzes remain comparable across the tested configurations.
The principal objective of this experiment is to highlight the limitations imposed
by binary encoding when representing parameters that cannot be expressed exactly in
finite binary form. The results demonstrate that a larger number of spins is required to
achieve a more accurate representation of such coefficients, thereby reducing encoding

errors and improving the overall quality of the numerical approximation.

5.6 Alternative Ansatz: Adiabatic Prescription

In the previous experiments, we observed that ansatzes associated with larger mini-
mum energy gaps generally achieved higher success rates. This observation motivates
a more systematic investigation of the relationship between the energy spectral gap
and the choice of basis functions in equation (3.4). Rather than constructing the ba-
sis from algebraic considerations, we now adopt an adiabatic perspective and seek an
ansatz that directly maximizes the minimum energy spectral gap defined in Eq. (3.20).

The proposed ansatz takes the form

N—1
uy(z) =Y wnGnl), (5.8)
n=0
where Gy(z),G1(x),...,Gn_1(x) denotes a new set of basis functions defined as

2
Gn(l‘) _ Z gn,k@ikza
k=—2
with complex coefficients g, to be determined.

It is worth noting that equation (5.8) includes the previously studied ansatzes as
special cases. In particular, suitable choices of the coefficients g, j recover either the
truncated Fourier ansatz (TFA) or the circulant ansatz (CA). In contrast to these
constructions, we now determine the coefficients by maximizing the minimum energy
spectral gap (3.20). The gap is evaluated through numerical diagonalization of the
corresponding quantum Ising Hamiltonian obtained from equation (5.8) following the
procedure described in Section 3.5. All numerical calculations were performed using
Python scientific-computing libraries.

Since the quantum Ising Hamiltonian (3.18) has dimension 2" x 2", the opti-
mization procedure becomes computationally demanding even for moderate values

of r. For this reason, we restrict our analysis to the first experiment presented in
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Section 5.1, considering the fixed parameters N = 4 and ngpi, = 2. Although the op-
timization is demonstrated for a small benchmark problem, it illustrates a promising
strategy for designing future encoding schemes.
To simplify the optimization problem, we impose that the basis functions are
real-valued, i.e.,
Im [G,,(x)] =0, n=20,1,2,3,

for all € [0,27]. This requirement leads to the constraints

R _ R R _ R
gn,—2 - gn,2? gn,—l - gn717

I _ I I _ I
In,—2 = “9n2:9n,-1 = “Gn1s

I _
Ino = 0

Using equation (5.8), we first evaluate the minimum energy gap associated with
the TFA and CA basis sets and compare their performance. Subsequently, we opti-
mize the coefficients g, , to maximize the minimum energy gap. This optimization
is performed using the SciPy library, which provides efficient numerical optimization
routines. The optimization requires an initial guess and a bounded search domain for
the coefficients. As an illustrative example, we consider the case N = 4, for which

the coefficient matrix g, is optimized accordingly.

Table 5.7: Comparison of TFA, CA and AA on metrics for N = 4 and nspin=2
(Results on maximizing the minimum gap)

rank(a) DR Grmin SR SA (%) SR QA (%)
TFA 3 8.228 3.977 x 1074 44.3 8.2
CA 4 7.169 1.229 x 107! 65.9 11
AA 4 16.19 1.332 x 107! 65.3 18

Table 5.7 summarizes the results obtained for the truncated Fourier ansatz (TFA),
circulant ansatz (CA), and the adiabatic ansatz (AA).

The results indicate that increasing the minimum energy gap while maintaining a
full-rank matrix generally improves the success rate of both simulated annealing (SA)
and quantum annealing (QA). In particular, the proposed adiabatic ansatz achieves
the largest minimum gap and yields the highest QA success rate among the three
approaches considered.

Furthermore, the comparison highlights the important roles played by both the
dynamic range (DR) and the minimum energy gap. Although both quantities in-

fluence the optimization performance, their effects are not equally significant. The
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results suggest that the minimum energy gap has a stronger impact on the perfor-
mance of quantum annealing, as expected from the adiabatic theorem. In contrast,
simulated annealing does not directly depend on the spectral properties of the quan-
tum Hamiltonian and therefore appears less sensitive to changes in the energy gap.
Consequently, while both SA and QA benefit from favorable problem representa-
tions, the energy gap optimization strategy is particularly advantageous for quantum

annealing.
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Chapter 6

Conclusion

In this thesis, we investigated the application of quantum annealing (QA) combined
with spectral methods for solving the one-dimensional Helmholtz equation on contem-
porary quantum hardware provided by D-Wave Systems. The study focused on two
different basis-function ansatzes, namely the truncated Fourier ansatz (TFA) and the
circulant ansatz (CA), under various experimental conditions characterized by differ-
ent numbers of spectral components N and binary spins ngpi,. This analysis provided
a detailed assessment of the capabilities and limitations of these encoding strategies
when applied to the quantum solution of differential equations.

The numerical results consistently demonstrated the advantages of the circulant
ansatz. In contrast to the truncated Fourier ansatz, which frequently produced rank-
deficient matrices, the circulant ansatz generated full-rank system matrices across
all considered experiments. The observed behavior of the minimum energy spectral
gap was also found to be consistent with the predictions of the adiabatic theorem,
highlighting the critical role of ansatz design in quantum annealing applications.
In particular, one of the main findings of this work is the identification of matrix
rank and conditioning as key factors influencing the performance of the resulting
QUBO formulation and, consequently, the effectiveness of both classical and quantum
optimization methods.

A comparison with simulated annealing (SA) revealed qualitatively similar trends,
providing additional validation of the obtained results. The experiments indicate that
the choice of basis functions and the structural properties of the resulting matrices
play a fundamental role when continuous physical problems are translated into binary
optimization problems suitable for quantum hardware.

Although quantum annealing has not yet demonstrated a clear computational ad-

vantage over state-of-the-art classical methods for industrial-scale applications, this
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work contributes to a deeper understanding of the challenges associated with encod-
ing differential equations on quantum annealers. In particular, the results suggest
that the development of problem-specific embedding techniques capable of preserving
desirable matrix properties while respecting the connectivity constraints of D-Wave
architectures may further enhance the performance of quantum annealing approaches
for wave-equation problems.

Future research may extend the proposed framework in several important direc-
tions. One natural extension is the application of the proposed methodology to higher-
dimensional wave and Helmholtz equations, where the increased problem size and
complexity introduce additional challenges in both the QUBO formulation and the
quantum annealing process. Another promising direction is the investigation of alter-
native basis-function constructions, such as wavelet, spline, or adaptive spectral bases,
which may improve approximation accuracy while producing better-conditioned op-
timization problems.

Further research may also focus on the development of more efficient binary en-
coding schemes and embedding strategies that reduce the number of physical qubits
required, improve hardware utilization, and increase the probability of obtaining the
ground-state solution. In addition, hybrid quantum-—classical approaches that com-
bine quantum annealing with classical optimization algorithms, preconditioning tech-
niques, or domain decomposition methods could provide an effective means of solving
larger and more complex differential equations.

Finally, evaluating the proposed framework on future generations of quantum an-
nealers with higher qubit counts, enhanced connectivity, improved precision, and re-
duced noise will provide valuable insight into its scalability and practical performance.
As quantum annealing hardware and algorithms continue to mature, these develop-
ments are expected to broaden the applicability of quantum optimization techniques
and contribute to the development of more efficient and scalable quantum-assisted

solvers for differential equations and other challenging scientific computing problems.
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Appendix Overview

The appendices provide supplementary mathematical and computational material
that supports the results presented throughout this thesis. Their purpose is to supply
detailed formulations of the discrete operators, forcing functions, spectral reconstruc-
tion procedures, and auxiliary quantities associated with the QUBO formulation. To
maintain the flow of the main text, the emphasis in the core chapters is placed on
the theoretical framework, methodology, and analysis of the results, while technical
derivations and implementation details are deferred to the appendices.

Appendix A presents the explicit construction of the linear systems arising from
both the truncated Fourier ansatz and the circulant ansatz. Appendix B contains the
definitions of the discrete collocation grid, the benchmark forcing terms employed in
the numerical experiments, and the quantitative measures used to characterize the
resulting QUBO formulations. It also describes the spectral reconstruction operator
used to recover approximate solutions of the Helmholtz equation from the optimized

coeflicients.
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Appendix A

Linear system of equations

This appendix provides the explicit derivation of the linear systems associated with
the two spectral ansatzes introduced in Chapter 3. While only the final matrix
formulation is required for the main developments, the complete derivation is included
here for completeness and reproducibility. In this appendix, we start illustrating the
derivation of the QUBO problem (3.15) for a general ansatz (3.4) and in subsections
A.1 and A.2 we do it for the TFA and CA ansatzes.

From the Helmholtz equation (3.1) using (3.4) and discretization over the N col-

location points (3.5) we get

S Wil () + 72 5 Witi(m) = Flam), m=0,1,... N1
i=1 i=1

N

Z wi:(0) = a

Zil

\;Wz’¢;(0) = f.

As a result, we get N + 2 linear equations with unknowns w = (wq, wo, ..., wy) €

RY, which can be compactly expressed in matrix form (3.6). Using the binary en-

coding (3.12), we can obtain the system of equations (3.13) for unknowns
o 0 nspin_l nspin_l r
w = (W], Wy, Wy s Wy ) € {0,1}".

To reformulate our problem as QUBO we use the least squares method and get (3.15).

Next we focus on obtaining the matrix a for each particular case.
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A.1 Linear System of Equations for TFA

To obtain a compact matrix form for TFA we refer to the ansatz (3.10) introduced

in Section 3.3. Following the method described in the preceding section we obtain

where

S 1 2 2 2 N
W—(Wl,WQ,...,WN/Z,...,Wl,WQ,...,WN/Q)ER ,

and the coefficient matrix is

0071 PR CO,N/2 3071 PR SO,N/Z
TFA _ : B : : K :
a - CN-D,1  C(N-1),N/2 S(N-1)1 " S(N-1),N/2 ) (A.l)
1 1 0 0
0o .- 0 1 . NJ2

for ¢y = (72 — n?) cos (nxy,) and s, = (72 — n?) sin (na,,).

A.2 Linear System of Equations for CA

We proceed with the formulation of the circulant ansatz (3.11) and obtain compact

matrix form as

a®w = b,
with
do dy o dveaye div—1ye
d_y do dy Tt d(N—Q)é
d_y dy :
CA _ i . )
a B d_(N_Q)g : . .. dy )
d_(n—1y¢ d_(n—2p¢ -+ d_yg do
€o 7 Tt E(N=2)¢ E(N-1)¢
Jfo Je o foveoe fiv—nye
and
N/2 5 5 N/2 N/2 .
(7% = k) _ikne L ikne L
dn — N T RN ’ e = _ = _—ikn ’ = v —ikn
£ Z Ney, € Ent Z che fne Z che
k=—N/2 k=—N/2 k=—N/2
for nl = x, — xg = Z“T” In addition, by the periodicity

e ik(N—j)¢ —e szée ik(—jt) _ e szNe ik(—jt) _ e ik(—j0)

Y
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we can express
do dy -+ d_g d_y
d_g do dg ce d—%
o d_y dy
CA _ .
o=y, (A2)
dg dgg s d—Z dO
€0 €t E(N-2)¢ E(N-1)

Joo Joo o fove2e foveie

Observe that the first block of the matrix provides a circulant structure which is a

cyclic shift of the previous one.
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Appendix B

QUBO Metrics and Spectral
Reconstruction

This appendix presents the mathematical definitions of the forcing terms employed
in the numerical experiments, together with the QUBO construction of the problem
for each scenario under consideration.

Let us start from expression (3.6), hence the first step to formulate the problem
as a QUBO model consists of converting the matrix a into a binary form, namely A,
such that we guarantee the solution remains unchanged. More specifically, we impose

aw = Aw where w is N — 1 dimensional vector,

_ 0 0 0 nspin—1 nspin—1 nspin—1\T
w—(11}1,w2,...,wN,...,w1 , W e Wy )
As a consequence, A should be of size (N +2) x r where r = N X ngy;,. After some

manipulations we may observe that
A= (—-a 27'a 27%2a ... 2-(wpinlg )

is a block-matrix where each block consists of a.
Now, we will use the least squares method, which allows us to reformulate the
problem by minimizing the squared differences between the given constraints and our

desired solution. Concretely, we find out
|law — b3 = w' AT Aw — 2b" Aw + b"b.

To gain further insight into the algebraic properties of the two ansatzes, we ex-
plicitly present the matrices A obtained for several representative values of N while
keeping ngpin = 2. Examining these matrices allows us to identify structural patterns

that are not immediately apparent from the analytical formulation. In particular,
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we are interested in understanding how the choice of basis functions influences the
matrix structure, rank properties, and the incorporation of boundary conditions. As
will be shown below, the circulant ansatz leads to highly structured matrices, whereas
the truncated Fourier ansatz produces matrices with a markedly different algebraic

organization.

(N = 2, nspin = 2)

0.5 0.5 0.0 0.0
QA — |05 051 rpa_ |00 00
1.0 0.0]” 1.0 0.0
0.0 0.0 0.0 1.0
(N = 4, nspin = 2)
[—0.5 1 —0.5 1 i
1 —0.5 1 -0.5
oCA _ -0.5 1 -0.5 1
1 —0.5 1 -0.5
1 278 %1077 0 —9.71 x 10717
| 0 0.5 —6.12 x 10717 —-0.5
0 —3 0 0 T
0 3 0 —367x10716
GTFPA_ [0 =3 0 T.35x 10716
|0 3 0 —-1.10x107"°
1 1 0 0
0 0 1 2 ]
(N = 6, nspin = 2)
[ —2.166667 2 —0.6666667 0.5 —0.6666667 2 i
2 —2.166667 2 —0.6666667 0.5 —0.6666667
—0.6666667 2 —2.166667 2 —0.6666667 0.5
oCA _ 0.5 —0.6666667 2 —2.166667 2 —0.6666667
—0.6666667 0.5 —0.6666667 2 —2.166667 2
2 —0.6666667 0.5 —0.6666667 2 —2.166667
1 9.71 x 10717 —5.55 x 10717 0 1.39 x 10716 —7.36 x 10716
i 0 0.8660254 —0.2886751 6.12 x 10717 0.2886751 —0.8660254 |
0 -3 -8 0 0 0 i
0 1.5 8 0 —2598076 —9.80 x 10716
0 1.5 —8 0  2.598076 1.96 x 10~1°
QTFA _ 0 -3 8 0 735x10716 —294x10715
|0 1.5 —8 0 —2.598076 3.92 x 1071
0 1.5 8 0 2598076  —4.90 x 10715
1 1 1 0 0 0
0 0 0 1 2 3 |
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Taking a glance at the presented A matrices, we can clearly see that the matrix
a® has a circulant structure in its main part. Each interior row is obtained by a
cyclic shift of the previous one, reflecting the regular and repeating nature of the
underlying discrete model. The only rows that do not follow this pattern are the
last two, which arise from the imposed boundary conditions. These additional rows
slightly break the perfect circulant symmetry, but they serve an important purpose:
they ensure that the matrix is full rank. Without them, the purely circulant structure
could introduce linear dependencies and potentially lead to spurious or false positive
solutions. In contrast, the matrix a”%4 does not exhibit this circulant structure. Its
rows are not generated by cyclic shifts, and the overall pattern is structurally different.
This highlights a fundamental difference between the two formulations, both in their

algebraic structure and in the way boundary conditions are incorporated.

B.1 Additional Numerical Results

This appendix contains additional graphical results supporting the numerical ex-
periments presented in Chapter 5. These figures were omitted from the main text
for brevity and provide a more complete visualization of the reconstructed solutions
across the tested parameter ranges.. The figures provide a visual comparison between
the exact solution and the numerical approximations obtained using the truncated
Fourier ansatz (TFA) and the circulant ansatz (CA) for increasing values of the spec-
tral parameter N. While the main text focuses on the quantitative measures such
as the mean squared error, success rate, and energy spectral gap, the plots presented
here illustrate the evolution of the reconstructed solutions and highlight the differ-
ences in oscillatory behavior exhibited by the two ansatzes. In particular, they provide
additional insight into the appearance of high-frequency numerical oscillations and

amplitude distortions as the number of spectral components increases.

B.1.1 Additional Numerical Results for Experiment 2

This appendix focuses on Experiment 5.2 with fixed ng,, = 2 and varying values
of N. The corresponding results are shown for N = §8,10,12,14, 16, 18, 20, 22, and
24. Similar visualizations for the remaining experiments are provided in the following

appendices.
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Figure B.1: Results of Experiment 2 for N = 8,10, 12,14, 16, 18, 20, 22, and 24, with
fixed ngpin = 2.

B.1.2 Additional Numerical Results for Experiment 3

B.1.2.1 Numerical Results with fixed N and increasing ngp,

This appendix presents additional numerical results for Experiment 5.3 obtained for
increasing values of ngyi,. The figures compare the exact solution with the approx-
imations reconstructed using the circulant ansatz (CA) and the truncated Fourier
ansatz (TFA). As ng,, increases, the oscillatory structure of the solution becomes
progressively more complex, introducing higher-frequency components that are more
challenging to approximate accurately. Throughout all considered cases, the circulant
ansatz preserves the overall shape of the exact solution and maintains relatively good

agreement in both amplitude and phase, although moderate discrepancies become
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visible for larger values of ngpi,. In contrast, the truncated Fourier ansatz exhibits in-
creasingly pronounced oscillatory artifacts, including amplitude amplification, phase
shifts, and overshoots near extrema. These effects become particularly evident for
the largest values of ngpi,, where high-frequency oscillations are amplified and lead to
larger deviations from the exact solution. Overall, the visual comparison supports the
quantitative results reported in the main text, indicating that the circulant ansatz
provides a more stable and accurate reconstruction of the solution as the complexity

of the encoded problem increases.
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Figure B.2: Experiment 3: results obtained for ng, ranging from 2 to 10.

B.1.2.2 Numerical Results with fixed number of ny,, and increasing N

This appendix presents additional numerical results for Experiment 5.3 obtained for

increasing values of the spectral parameter N. The figures compare the exact solution
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with the approximations reconstructed using the circulant ansatz (CA) and the trun-
cated Fourier ansatz (TFA). For small values of N, both ansatzes exhibit noticeable
deviations from the exact solution, reflecting the limited ability of a low-dimensional
basis to represent the underlying oscillatory behavior. As N increases, the numeri-
cal approximations progressively capture the dominant frequency components of the
solution, leading to improved agreement with the exact curve. In particular, the circu-
lant ansatz demonstrates a more stable convergence behavior and generally provides
a closer approximation in both amplitude and phase across the considered range of
N. The truncated Fourier ansatz also benefits from the increased spectral resolution;
however, larger values of N lead to increasingly pronounced oscillatory artifacts, in-
cluding overshoots near extrema and localized amplitude distortions. These effects
become particularly visible for the largest values of N, where the representation of
higher-frequency modes introduces Gibbs-like oscillations and reduces the overall ac-
curacy of the reconstruction. Overall, the visual results indicate that increasing N
improves the representation of the solution by enabling the approximation of finer-
scale oscillatory features. Nevertheless, the choice of basis functions remains crucial,
as the circulant ansatz exhibits greater numerical stability and more accurately cap-

tures the behavior of the exact solution throughout the considered parameter range.
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