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Abstract

Quantum computing promises to revolutionise computational capabilities across industries,
yet current Noisy Intermediate-Scale Quantum (NISQ) devices face significant limitations in
qubit counts, gate fidelities, and coherence times. This thesis presents a comprehensive
educational framework for understanding hybrid quantum-classical computing—the
dominant paradigm enabling practical quantum computation in the NISQ era.

We examine the complete hybrid quantum computing ecosystem, from foundational
guantum mechanical principles (superposition, entanglement, and quantum measurement)
to practical infrastructure requirements including cryogenic cooling systems, power
management, and classical computing integration. The thesis provides detailed analysis of
leading variational algorithms—the Variational Quantum Eigensolver (VQE) and Quantum
Approximate Optimisation Algorithm (QAOA)—with experimental implementations on
current quantum hardware.

Through systematic experimentation on IBM and lonQ platforms, we demonstrate that error
mitigation techniques, particularly Zero-Noise Extrapolation, can reduce computational errors
by up to 85%, bringing results within practical utility thresholds. Application domains
examined include quantum chemistry for drug discovery, portfolio optimisation in finance,
and emerging quantum machine learning approaches.

This work contributes: (1) comprehensive educational materials suitable for university
curricula; (2) systematic comparison of quantum hardware platforms; (3) quantified analysis
of error mitigation effectiveness; and (4) evidence-based timelines for quantum advantage
across application domains. The thesis addresses six core research questions spanning
theoretical foundations, technical challenges, algorithm performance, real-world
applications, and future technological evolution.

We conclude that hybrid quantum-classical computing represents not merely a transitional
technology but a fundamental paradigm that will persist alongside fault-tolerant quantum
computing. The educational framework presented here aims to prepare Australian
institutions and global organisations for participation in the emerging quantum economy.

Keywords: hybrid quantum computing, NISQ, variational quantum eigensolver, QAOA, error
mitigation, quantum machine learning, quantum chemistry, superconducting qubits,
trapped ions
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Chapter 1: Introduction

Chapter 1l

Introduction

The Dawn of Practical Quantum Computing

"Nature isn't classical, dammit, and if you want to make a simulation of nature, you'd
better make it quantum mechanical."
— Richard Feynman, 1981

1.1 The Quantum Revolution Has Begun

In December 2024, Google announced that their Willow quantum processor solved a
computational problem in under five minutes that would take the world's fastest classical
supercomputer longer than the age of the universe to complete. This was not science fiction
—it was a carefully verified scientific result that sent shockwaves through the technology
world.

Yet here's the paradox: despite such dramatic demonstrations, you cannot yet walk
into a store and buy a quantum computer to solve your business problems. The technology
that promises to revolutionise drug discovery, break encryption, optimise global logistics,
and simulate the quantum nature of reality itself remains tantalisingly out of reach for
practical applications.

Why? Because raw quantum power alone is not enough. Today's quantum
processors are noisy, error-prone, and can only maintain their delicate quantum states for
microseconds. They need help—and that help comes from classical computers working
alongside them in what we call hybrid quantum computing.

7 Why This Matters!

The scale of investment is staggering: In 2024 alone, governments and corporations
invested over $40 billion in quantum computing research and development. The United
States, China, European Union, United Kingdom, and Australia have all declared quantum
technology a national strategic priority.

Australia's own National Quantum Strategy aims to build a $6 billion quantum
industry by 2040, making this technology directly relevant to Australian institutions and
businesses.

1.1.1 What Makes Quantum Different?

Classical computers—from your smartphone to the world's mightiest
supercomputers—all operate on the same fundamental principle: they process information

Hybrid Quantum Computing: Architectures, Algorithms, and Applications e Page 1



Chapter 1: Introduction

using bits that are either 0 or 1. A byte is 8 bits. A gigabyte is 8 billion bits. Every email,
photo, video, and financial transaction ultimately reduces to vast sequences of zeros and
ones being shuffled around at incredible speed.

Quantum computers exploit three phenomena from quantum mechanics that have

no classical equivalent:

Superposition: A quantum bit (qubit) can exist as 0 AND 1 simultaneously, enabling
parallel exploration of possibilities

Entanglement: Qubits can be correlated in ways that have no classical analogue,
enabling coordination across the system

Interference: Quantum amplitudes can add or cancel like waves, allowing algorithms
to amplify correct answers and suppress wrong ones

These properties don't just make quantum computers faster at the same tasks—they

enable fundamentally different approaches to computation that can solve certain problems
exponentially faster than any classical algorithm.

Q) Problems Quantum Computers Could Transform

Drug Discovery: Simulating molecular interactions to design new medicines (currently
takes 10-15 years and $2 billion per drug)

Climate Modelling: Understanding complex atmospheric chemistry for better climate
predictions

Financial Optimisation: Portfolio optimisation, risk analysis, and fraud detection
across millions of variables

Materials Science: Designing better batteries, superconductors, and catalysts from
first principles

Artificial Intelligence: Training machine learning models with quantum-enhanced
optimisation

Cryptography: Both breaking current encryption (a threat) and enabling unbreakable
guantum encryption (an opportunity)

Hybrid Quantum Computing: Architectures, Algorithms, and Applications e Page 2




Chapter 1: Introduction

1.2 The Case for Hybrid Quantum
Computing

1.2.1 The NISQ Reality

We are currently in what physicist John Preskill dubbed the NISQ era: Noisy
Intermediate-Scale Quantum computing. Today's quantum processors have significant
limitations:

Table 1.1: Current Quantum Hardware Limitations (2025)

Qubit Count 50-1,000+ qubits Limits problem size that can be
encoded

Gate Errors 0.1-1% per gate Errors accumulate, limiting circuit
depth

Coherence Time 50-500 microseconds Computation must complete before
qubits decohere

Connectivity Limited qubit-to-qubit Extra operations needed for non-

links adjacent qubits
Error Correction Not yet practical Cannot run long algorithms reliably

These limitations mean that pure quantum algorithms—Ilike Shor's algorithm for
factoring or Grover's search—cannot yet be run at practically useful scales. The circuits are
too deep, require too many qubits, and accumulate too many errors.

1.2.2 The Hybrid Solution

Hybrid quantum computing: combines classical and quantum processors, using each
for what it does best: quantum processors for operations that benefit from quantum effects,
and classical computers for everything else

In a hybrid system:

e Classical computers handle optimisation, data processing, error mitigation, and
control logic

e Quantum processors execute short, carefully designed quantum circuits

e The two iterate: classical systems analyse quantum results and adjust parameters
for the next quantum run

This approach has enabled practical results on today's noisy hardware. The poster
children of hybrid quantum computing are variational algorithms like VQE (Variational
Quantum Eigensolver) and QAOA (Quantum Approximate Optimisation Algorithm), which
have demonstrated chemical accuracy for small molecules and competitive solutions for
combinatorial optimisation problems.

¢ The Hybrid Advantage

&
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Chapter 1: Introduction

Hybrid approaches offer three key benefits:

¢ Noise resilience: Short quantum circuits minimise error accumulation
e Flexibility: Classical optimisers can adapt to hardware imperfections
e Practicality: Useful results achievable on current NISQ devices

This thesis argues that hybrid computing is not merely a transitional technology—it
represents a fundamental paradigm that will persist even as quantum hardware matures.

Hybrid Quantum Computing: Architectures, Algorithms, and Applications e Page 4
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1.3 Historical Context: The Road to Here

Understanding where we are requires appreciating how we got here. Quantum
computing has evolved from theoretical speculation to technological reality over four
decades.

[See accompanying diagram: Quantum_Computing_Timeline.svg]

1.3.1 Key Milestones

1981 Richard Feynman proposes using quantum systems to simulate quantum physics

1985 David Deutsch describes the universal quantum computer

1994 Peter Shor develops algorithm for factoring—exponential speedup over classical

1996 Lov Grover develops quantum search algorithm—quadratic speedup

1998 First 2-qubit quantum computer demonstrated

2001 Shor's algorithm factors 15 = 3 x 5 on 7-qubit NMR computer

2011 D-Wave releases first commercial quantum annealer

2014 Peruzzo et al. introduce VQE—the first practical hybrid algorithm

2016 IBM launches cloud quantum computing access

2019 Google claims 'quantum supremacy' with 53-qubit Sycamore processor

2023 IBM unveils 1,121-qubit Condor processor

Google's Willow achieves below-threshold error correction

Hybrid Quantum Computing: Architectures, Algorithms, and Applications e Page 5



Chapter 1: Introduction

The trajectory is clear: from theoretical curiosity to laboratory demonstration to
cloud-accessible technology to early commercial systems. We are now at the inflection point
where hybrid quantum computing transitions from research to real-world application.

Hybrid Quantum Computing: Architectures, Algorithms, and Applications e Page 6



Chapter 1: Introduction

1.4 Problem Statement and Research
Motivation

1.4.1 The Core Problem

Despite rapid hardware advances and billions in investment, a significant gap exists
between quantum computing's theoretical promise and its practical delivery. This gap
manifests in several ways:

e Algorithm-hardware mismatch: Many quantum algorithms require resources far
beyond current capabilities

e Limited practical demonstrations: Few examples of quantum advantage on real-
world problems

¢ Integration challenges: Combining quantum and classical systems is non-trivial

e Educational gaps: Shortage of trained quantum computing professionals

1.4.2 Research Motivation

This thesis is motivated by three observations:

1. Hybrid approaches are the path forward. Pure quantum computing remains years
away; hybrid systems deliver value today.

2. Understanding requires the complete picture. From quantum mechanics to power
infrastructure, the full system must be understood.

3. Education is critical. Australia and the world need quantume-literate professionals
across industries.

This thesis therefore provides a comprehensive, educational treatment of hybrid
guantum computing suitable for universities, technical institutions, and industry
professionals seeking to understand this transformative technology.

1.4.3 Research Questions

This thesis addresses six core research questions:

RQ1. What theoretical foundations underpin hybrid quantum computing, and how
do quantum and classical components interact?

RQ2. What are the key technical challenges limiting current hybrid quantum
systems, and what approaches address them?

RQ3. How can novel hybrid architectures and algorithms improve upon existing
approaches?

RQ4. What is the empirical performance of hybrid algorithms on current quantum
hardware?

RQ5. How effective are hybrid quantum approaches for real-world applications in

finance, chemistry, and Al?
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RQ6. What technological trends and developments will shape the future evolution
of hybrid quantum computing?
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1.5 Thesis Structure and Roadmap

implementation to future outlook.

Table 1.2: Thesis Chapter Overview

This thesis is organised into eight chapters, progressing from fundamentals through

[See accompanying diagram: Thesis_Roadmap.svg]

Chapter Content Summary

1

Introduction

Background

Architectures

Algorithms

Results

Applications

Future

Conclusion

Motivation, problem statement, research questions,
thesis structure

Complete system infrastructure (power, cooling,
storage) and quantum fundamentals (qubits, gates,
entanglement)

Hybrid system design, hardware platforms
(superconducting, trapped ion, photonic, neutral
atom), software stack

VQE, QAOA, quantum machine learning;
implementation details and code examples
Experimental methodology, error mitigation, case
studies in molecular simulation and optimisation

Finance (portfolio optimisation), chemistry (drug
discovery), Al/ML applications

Technical challenges, emerging hardware, software
evolution, industry roadmaps

Summary of findings, contributions, limitations,
future research directions

1.5.1 Chapter Dependencies

The chapters build upon each other in a logical sequence:

Chapters 1-2 establish foundations (read first)

Chapters 3-4 cover architecture and algorithms (require Chapter 2)

Chapters 5-6 present results and applications (require Chapters 3-4)

Chapters 7-8 synthesis and outlook (can be read after any preceding chapters)

Readers with existing quantum computing knowledge may skim Chapter 2; those
focused on specific applications may proceed directly to Chapter 6 after the foundations.
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1.6 Scope and Limitations

1.6.1 What This Thesis Covers

Gate-based quantum computing: Digital quantum computers using discrete
quantum gates

Variational hybrid algorithms: VQE, QAOA, and quantum machine learning
approaches

NISQ-era technology: Current and near-term quantum hardware (50-1000+ qubits)
Complete system view: From quantum physics to power infrastructure

Educational presentation: Suitable for university and institutional use

1.6.2 What This Thesis Does Not Cover

Quantum annealing: Different computational model (D-Wave systems)
Fault-tolerant algorithms: Algorithms requiring error-corrected qubits
Quantum networking: Quantum internet and distributed quantum computing
Detailed chip fabrication: Semiconductor physics and manufacturing processes

Original algorithm development: This is an educational synthesis, not novel research

1.6.3 Limitations and Caveats

Several limitations should be acknowledged:

Rapid evolution: Quantum computing advances quickly; some specifics may be
outdated by publication

Hardware access: Experimental results limited to publicly available cloud quantum
systems

Problem scale: Demonstrations limited to small instances due to current hardware
constraints

Commercial sensitivity: Some industry roadmaps and results are not publicly
disclosed
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Contributions of This Work

This thesis makes several contributions:

1.7.1 Educational Contributions

Comprehensive curriculum: Complete educational materials suitable for university
courses

Visual learning resources: Professional diagrams explaining complex concepts
Worked examples: Practical code and calculations throughout

Complete system coverage: Not just qubits—power, cooling, storage, and
infrastructure

1.7.2 Technical Contributions

Platform comparison: Systematic analysis of superconducting, trapped ion,
photonic, and neutral atom systems

Error mitigation analysis: Quantified effectiveness of ZNE and other techniques

Application mapping: Detailed analysis of quantum suitability across domains

1.7.3 Practical Contributions

Industry roadmap synthesis: Consolidated view of IBM, Google, Microsoft, lonQ, and
others

Realistic timelines: Evidence-based estimates for quantum advantage in different
domains

Australian relevance: Connections to Australia's National Quantum Strategy and
local industry

& Who Should Read This Thesis?

University students studying computer science, physics, or engineering
Technical professionals seeking to understand quantum computing's potential
Business leaders evaluating quantum technology investments

Educators developing quantum computing curricula

Policymakers shaping quantum technology strategy

Hybrid Quantum Computing: Architectures, Algorithms, and Applications e Page 11




Chapter 1: Introduction

1.8 Chapter Summary

This chapter has established the context and motivation for exploring hybrid
quantum computing:

e Quantum computing has moved from theory to reality, with dramatic
demonstrations of quantum computational advantage

e Current NISQ hardware has significant limitations, making pure quantum algorithms
impractical

e Hybrid quantum-classical approaches enable practical results on today's noisy
hardware

¢ Understanding the complete system —from quantum physics to power
infrastructure—is essential

¢ This thesis provides comprehensive educational materials for institutions preparing
for the quantum future

¢ Looking Ahead

Chapter 2 begins our deep dive into the hybrid quantum computing ecosystem. We'll
start by understanding the complete infrastructure—power systems, cryogenic cooling, data
storage—before exploring the quantum mechanical foundations that make it all worthwhile.

By the end of this thesis, you will understand not just what hybrid quantum
computing is, but how it works, where it's headed, and how you can be part of this
technological revolution.

"The best way to predict the future is to invent it."

— Alan Kay
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Chapter 2

Background and Fundamentals

The Complete Hybrid Quantum Computing System

¢ Chapter At A Glance

This chapter takes you on a journey through the entire hybrid quantum computing
ecosystem—from the exotic quantum realm where particles exist in multiple states
simultaneously, to the very practical world of power supplies, cooling systems, and data
storage. By the end, you'll understand not just how qubits work, but how an entire
quantum data centre comes together.

¢ Learning Objectives
After studying this chapter, you will be able to:

1. Explain what makes quantum bits fundamentally different from classical bits

2. Describe the complete infrastructure required for a quantum computing facility

3. Understand power requirements and cooling systems for different quantum
technologies

4. Analyse the data flow and storage architecture in hybrid systems
Evaluate energy efficiency and sustainability considerations

6. Apply quantum mechanical concepts including superposition, entanglement, and
measurement

Part I: The Complete Hybrid Quantum
System

Before diving into the quantum mechanics, let's step back and appreciate what a
hybrid quantum computing system actually looks like. It's not just a mysterious quantum
chip—it's an entire ecosystem of classical computing, specialised electronics, extreme
cooling, massive power infrastructure, and sophisticated software all working in concert.

2.1 System Architecture Overview

A modern hybrid quantum computing facility is a marvel of engineering that brings
together cutting-edge physics and practical infrastructure. Think of it as an orchestra where
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quantum processors are the star soloists, but they need an entire symphony of supporting

systems to perform.

Table 2.1: Complete Hybrid Quantum Computing System Components

Component Function Key Specs Cost Range

Quantum Processor  Performs quantum 50-1000+ qubits $10-50M

(QPU) operations

Dilution Refrigerator Cools QPU to 15 millikelvin 15mK, 10-20uW $1-3M

cooling

Control Electronics Generates microwave GHz precision, ns $2-5M
pulses timing

Classical HPC Cluster Runs optimisation, 1000s of CPU/GPU $1-10M
processes data cores

Data Storage
calibration

Power Infrastructure Supplies clean, stable

power

Networking Connects to cloud, users,
other QPUs

$% Fun Fact!

Stores circuits, results,

PB-scale, high-speed $0.5-2M
NVMe

500kW-2MW per $0.5-2M
system

100Gbps+, low latency $0.2-1M

A single IBM Quantum System Two installation weighs approximately 50,000 kg and
occupies a room the size of a large garage. The dilution refrigerator alone stands over 3
meters tall—and that's just to keep a chip smaller than your thumbnail cold enough to

compute!
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2.2 Cooling Systems: Engineering the Impossible

Quantum computers require temperatures colder than outer space. While the
cosmic background radiation sits at about 2.7 Kelvin (-270°C), superconducting quantum
processors need to operate at just 15 millikelvin—that's 0.015 degrees above absolute zero,
nearly 200 times colder than deep space!

2.2.1 Why So Cold?

At room temperature, atoms vibrate with thermal energy that completely
overwhelms the delicate quantum states we're trying to manipulate. Cooling removes this
thermal noise:

e Thermal energy at 300K: ~26 meV (millielectronvolts)
e Qubit energy gap: ~20-100 peV (microelectronvolts)
e The problem: Thermal energy is 1000x larger than qubit signals!

e The solution: Cool until thermal energy << qubit energy (around 15mK)

2.2.2 The Dilution Refrigerator

Dilution refrigerator: is a cryogenic device that achieves temperatures below 100
millikelvin by exploiting the quantum properties of helium-3 and helium-4 mixtures

The cooling process works in stages, like a relay race to absolute zero:

Table 2.2: Dilution Refrigerator Temperature Stages

Room temp 300 K (27°C) Electronics, wiring entry

50K plate 50 K (-223°C) Pulse tube cooler Thermal shields, filters

4K plate 4K (-269°C) Pulse tube + Helium-4  HEMT amplifiers,
attenuators

Still 800 mK He-3/He-4 evaporation Additional filtering

Cold plate 100 mK Dilution process Quantum-limited
amplifiers

Mixing chamber 15 mK He-3 dilution into He-4 THE QUANTUM

PROCESSOR! @

Efficiency Spotlight: Cooling Efficiency Challenge

Here's a sobering number: a dilution refrigerator consumes about 20-30 kW of
electrical power to remove just 10-20 microwatts of heat from the mixing chamber stage.
That's an efficiency of about 0.00005%!

The good news: cooling technology is improving. Modern pulse tube coolers have

Hybrid Quantum Computing: Architectures, Algorithms, and Applications e Page 15



Chapter 2: Background and Fundamentals

extended maintenance intervals from monthly helium refills to 18+ months of
maintenance-free operation—a huge win for data centre operations.
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2.3 Power Infrastructure: Feeding the Quantum
Beast

A quantum computing facility has an insatiable appetite for electricity. Unlike
classical data centres where computing scales with power, quantum systems have massive
fixed overhead regardless of computation.

2.3.1 Power Budget Breakdown

Table 2.3: Typical Power Consumption for a 100-Qubit System

Subsystem % of Total 24/7?

Dilution Refrigerator 25 kW 50% Yes v
Control Electronics (room 10 kW 20% Yes v
temp)

Classical Compute Cluster 8 kW 16% Variable
Networking & Storage 3 kw 6% Yes v
HVAC & Facility 4 kW 8% Yes v
TOTAL ~50 kW 100%

2.3.2 Power Quality Requirements

Quantum computers are extremely sensitive to power fluctuations. A microsecond
voltage spike that your laptop wouldn't notice can completely destroy a quantum
computation:

e Voltage stability: +1% (compared to £5% for typical IT equipment)
¢ Frequency stability: +0.5 Hz at 50/60 Hz
e Harmonic distortion: <3% THD (total harmonic distortion)

e Uninterruptible power: 99.9999% availability (UPS + generators)

I\ Important Consideration
Critical: If power is lost to a dilution refrigerator, it takes 24-48 hours to cool back
down to operating temperature. Every power interruption costs nearly two days of
compute time!

& Real-World: Google's Quantum Data Centre

Google's quantum computing facility in Santa Barbara uses dedicated substations
with double-redundant power feeds. The facility includes:

e Custom-built vibration isolation foundations (quantum computers hate vibrations!)

e Electromagnetic shielding rooms (Faraday cages)

Hybrid Quantum Computing: Architectures, Algorithms, and Applications e Page 17



Chapter 2: Background and Fundamentals

Separate clean rooms for chip fabrication and system assembly

Total facility power capacity: ~2 MW
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2.4 Data Storage and Management

While quantum computers process information in exotic quantum states, all the data
going in and coming out is thoroughly classical. A hybrid quantum computing system
generates surprising amounts of data that must be stored, processed, and analysed.

2.4.1 Data Types in Quantum Computing

Table 2.4: Data Storage Requirements

Data Type Size per Run Retention Storage Tier
Circuit definitions 1-100 KB Permanent Hot (SSD)
Calibration data 10-100 MB 30-90 days Hot (SSD)

Raw measurement 1-10 GB per 7-30 days Warm (HDD)
shots experiment

Processed results 1-100 MB 1-5 years Warm (HDD)
System telemetry 100 GB/day 90 days Time-series DB
Research archives Variable Permanent Cold (tape/cloud)

2.4.2 The Shot Count Challenge

Here's something that surprises newcomers: quantum computers are inherently
probabilistic. You can't just run a quantum circuit once and get the answer. Instead, you
must run it thousands or millions of times to build up statistics.

e Typical shot count: 1,000 to 100,000 repetitions per circuit
e VQE optimisation loop: 100-500 iterations x 10,000 shots = 1-5 million total shots
e Data per shot: Just a few bytes (the measurement outcome)

e Metadata overhead: Timestamps, circuit IDs, calibration references add 10-100x
more

Efficiency Spotlight: Smart Data Compression
Modern quantum computing platforms use clever compression:
e Run-length encoding: Identical shots are common and compress well
e Histogram storage: Store {outcome: count} instead of every shot
e Typical compression ratio: 10-100x

IBM's Qiskit Runtime reduces data transfer by processing results on-premise before
sending to users.
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2.5 Classical Computing Resources

Here's a secret that quantum computing companies don't always advertise: the
classical computing infrastructure often costs more than the quantum processor itself!
Hybrid quantum computing requires substantial classical resources.

2.5.1 Classical Compute Requirements

Table 2.5: Classical Computing Tasks in Hybrid Systems

Task Resources Needed Why It Matters
Circuit compilation High-memory CPU (64-256 GB Mapping logical to physical qubits is
RAM) NP-hard
Classical optimisation Multi-core CPU or GPU cluster VQE/QAOA need 100s of optimisation
steps
Error mitigation GPU acceleration beneficial ~ ZNE requires 3-5x more circuits +
processing
Quantum simulation  HPC cluster, 100s-1000s cores Testing algorithms before hardware
runs
Machine learning GPU cluster (NVIDIA Training quantum-classical hybrid
A100/H100) models

2.5.2 The Latency Challenge

In variational algorithms, the classical optimiser and quantum processor must
communicate many times:

¢ Cloud quantum access latency: 100ms - 1 second round trip
e On-premise latency: 1-10 milliseconds
e VQE iterations: 100-500 iterations typical

e Total wait time (cloud): Could be 5-10 minutes just in communication overhead!

& Real-World: Co-located Computing

Leading quantum computing facilities place classical HPC clusters in the same
building—or even the same room—as quantum processors. IBM's Quantum System Two
integrates classical GPUs directly into the quantum control stack for sub-millisecond hybrid
loops.

Result: 10-100x faster variational algorithm execution compared to cloud-based
classical computing.
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Part lI: Quantum Mechanical Foundations

Now that we understand the infrastructure that supports quantum computing, let's
dive into the quantum mechanics that makes it all worthwhile. We'll build up from the
simplest quantum concepts to the operations that enable quantum algorithms.

2.6 The Qubit: Nature's Most Versatile Bit

2.6.1 Classical Bits vs. Quantum Bits
Let's start with what you already know. A classical bit is like a coin lying on a table—

it's either heads (1) or tails (0). Definite. Certain. Boring.

A qubit is like a coin spinning in the air. While it spins, it's not heads OR tails—it's
genuinely in a combination of both possibilities. Only when it lands (when we measure) does
it become definite.

Table 2.6: Classical Bit vs. Quantum Bit

Property Classical Bit Quantum Bit (Qubit)

Possible values 0 or 1 (nothing else!) |0), | 1), or any superposition

State description Single number: O or 1 Two complex numbers: a, 3

Information content 1 bit exactly 1 bit when measured; infinite
before

Copying Trivial (just read and write) Impossible! (No-cloning
theorem)

Physical implementation  Voltage levels, magnetic Electron spin, photon

domains polarisation, ...

Energy to maintain Nanowatts Microwatts + massive cooling
overhead

$% Fun Fact!

The No-Cloning Theorem is actually a feature, not a bug! It's the foundation of
guantum cryptography. If you can't copy a quantum state, an eavesdropper can't copy your
guantum-encrypted message without disturbing it—and you'd know someone was
listening.

2.6.2 Mathematical Description

A qubit state is written as:

b)) = al0) + B[1)
where a and B are complex numbers satisfying |a|?+ |B|? = 1 (normalisation). Let's
unpack this:
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e |0) and |1): These are the computational basis states—like classical 0 and 1
¢ a (alpha): Complex amplitude for the |0) component
e B (beta): Complex amplitude for the | 1) component

e |a|*and |B]|? Probabilities of measuring O or 1 respectively

¢ Why Complex Numbers?
Complex numbers encode both magnitude AND phase. Phase is crucial for quantum
computing because it enables interference—the process where quantum amplitudes can

add up or cancel out, much like waves in water.

Real-world analogy: Noise-cancelling headphones work by adding sound waves that
are 180° out of phase. Quantum computing uses the same principle with quantum
amplitudes!
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2.7 The Bloch Sphere: Visualising Quantum States

Since qubits have more information than classical bits, we need better tools to
visualise them. Enter the Bloch sphere—a beautiful geometric representation where every
possible qubit state corresponds to a point on a sphere.

[See accompanying diagram: Bloch_Sphere.svg]

2.7.1 Geography of the Bloch Sphere
e North pole: |0) state

e South pole: |1) state
e Equator: Equal superpositions (|+), |-), |i), |-i})
e Any point on surface: Valid qubit state

e Points inside sphere: Mixed states (we'll discuss later)

2.7.2 Parametric Form

Any pure qubit state can be written in terms of two angles:

[b) = cos(6/2)[0) + e (ip) sin(6/2)[1)
e 0O (theta): Polar angle, 0 to 7t (how far from |0))
e @ (phi): Azimuthal angle, 0 to 2t (phase around equator)

&) Real-World: Quantum Gates as Rotations

Here's the beautiful part: every single-qubit quantum gate is just a rotation on the
Bloch sphere!

e X gate (NOT): 180° rotation around X-axis
e Zgate: 180° rotation around Z-axis
e Hadamard: 180° rotation around diagonal X+Z axis

This geometric view makes quantum computing feel almost tactile—you're literally
spinning quantum spheres!

2.8 Superposition: Being in Two Places at Once

Superposition: is the quantum mechanical principle that allows a quantum system to
exist in multiple states simultaneously until measured

This isn't just a mathematical trick—it's physically real. A qubit in superposition
genuinely hasn't "decided" whether it's 0 or 1 yet. The universe keeps track of both
possibilities.

Hybrid Quantum Computing: Architectures, Algorithms, and Applications e Page 23



Chapter 2: Background and Fundamentals

2.8.1 Creating Superposition

The simplest way to create superposition is with the Hadamard gate:

H|0) = (]0) + \1>)/¢2 = |+
H[1) = (|0) — |1>)/¢2 ==

After applying H to |0), the qubit is in an equal superposition: 50% chance of
measuring 0, 50% chance of measuring 1.

2.8.2 The Power of Parallelism

Here's where things get exciting. With n qubits in superposition, we can represent:

e 1 qubit: 2 states simultaneously (|0) + | 1))

e 2 qubits: 4 states (]00) + |01) + |10) + | 11))

e 10 qubits: 1,024 states

e 50 qubits: ~10715 states (more than atoms in your body!)

e 300 qubits: More states than atoms in the observable universe

£ Fun Fact!

A 300-qubit quantum computer in full superposition represents 24300 = 10°90
states simultaneously. There are only about 10780 atoms in the observable universe. You
literally cannot write down all these states using classical bits—there isn't enough matter!
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2.9 Entanglement: Quantum's Secret Weapon

Quantum entanglement: is a phenomenon where two or more qubits become
correlated in such a way that the quantum state of each qubit cannot be described
independently

Einstein famously called this "spooky action at a distance" because entangled qubits
remain correlated even when separated by vast distances. Measure one, and you instantly
know something about the other.

2.9.1 Creating Entanglement: The Bell State

The simplest entangled state involves two qubits:

%) = (|00) + |11>)/\/2
What makes this special? Before measurement, neither qubit has a definite value.

But if you measure the first qubit and get 0, the second qubit MUST also be 0. If you get 1,
the second MUST be 1. They're perfectly correlated.

2.9.2 Creating a Bell State
Bell state creation is straightforward with two gates:
1. Start: |00) (two qubits, both in state 0)
2. Apply Hadamard to first qubit: (|0) + |1))|0)/v2 = (]00) + | 10))/¥/2
3. Apply CNOT (controlled-NOT): (|00) + |11))/V2 = |®*)

[See accompanying diagram: Bell_Circuit.svg]

I\ Important Consideration
Common misconception: Entanglement does NOT allow faster-than-light
communication! You can't control what you measure, so you can't send information. The
correlations only become apparent when you compare measurements later (using classical
communication).

2.10 Quantum Gates: The Building Blocks

Just as classical computers use logic gates (AND, OR, NOT), quantum computers use
quantum gates. Every quantum gate is represented by a unitary matrix—a mathematical
object that preserves probabilities.

2.10.1 Essential Single-Qubit Gates

Table 2.7: Key Single-Qubit Quantum Gates
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Effect on |0) Bloch Sphere Action

X (NOT) [[0,1],[1,0]] 180° rotation around X-axis (bit flip)
Y [[0,-i],[i,0]] || 1) 180° rotation around Y-axis
Z [[1,0],[0,-1]] |0) (unchanged) 180° rotation around Z-axis (phase
flip)
[[1,1],[1,-1]1/V2 |+) Creates equal superposition
S [[1,0],[0,i]] |0) 90° rotation around Z-axis
[[1,0],[0,eM(in/4)]] |0) 45° rotation around Z-axis

2.10.2 The CNOT Gate

CNOT (Controlled-NOT): is a two-qubit gate that flips the second qubit (target) if and
only if the first qubit (control) is | 1)

Truth table:
e CNOT|00) = |00) (control is 0, nothing happens)
e CNOT|01) = |01) (control is 0, nothing happens)
e CNOT|10) = |11) (control is 1, target flips!)
e CNOT|11) = |10) (control is 1, target flips!)

¢ Universal Gate Sets

A remarkable fact: you can build ANY quantum computation using just a small set of
gates!

e |IBM gate set: CNOT + arbitrary single-qubit rotations
e Clifford+T: H, S, CNOT, T gates (important for error correction)

This is analogous to how NAND gates can build any classical circuit—quantum has its
own universal building blocks.
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2.11 Measurement: Collapsing the Quantum Wave

Measurement is where quantum mechanics gets philosophical. When we measure a
qubit in superposition, something dramatic happens: the quantum state "collapses" to a
definite classical value.

2.11.1 The Measurement Postulate
For a qubit in state |{) =a|0) + B|1):
e Probability of measuring 0: P(0) = |a|?
e Probability of measuring 1: P(1) = |B|?

e After measurement: The qubit IS in the measured state (no more superposition)

2.11.2 Measurement is Irreversible

This is crucial: measurement destroys information! Once you measure, the
superposition is gone forever. You cannot "un-measure" and recover the original a and 8
values.

[See accompanying diagram: Measurement_Collapse.svg]

& Real-World: Why Shot Counts Matter

Because measurement is probabilistic, we need to repeat experiments many times
to estimate probabilities:

e 100 shots: £10% precision (rough estimate)
e 1,000 shots: +3% precision (reasonable)

e 10,000 shots: +1% precision (good)

e 100,000 shots: +0.3% precision (excellent)

This statistical overhead is a fundamental cost of quantum computing.

2.12 Quantum Circuits: Putting It All Together
A quantum circuit is a sequence of quantum gates applied to qubits, followed by

measurement. Reading left to right, time flows forward.

2.12.1 Circuit Notation

e Horizontal lines: Qubit "wires" (time flows left to right)
e Boxes: Quantum gates (operations on qubits)
e Meter symbol: Measurement

e Double lines: Classical bits (after measurement)
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e Vertical lines with dots: Control connections (for multi-qubit gates)
[See accompanying diagram: Circuit_Notation.svg]

2.12.2 Circuit Depth and Width
e  Width: Number of qubits (limited by hardware)

e Depth: Number of time steps/layers (limited by coherence)

e Gate count: Total gates (each gate introduces some error)

Efficiency Spotlight: Circuit Optimisation
Modern quantum compilers aggressively optimise circuits:
e Gate cancellation: XX = | (two X gates cancel out)
e Gate fusion: Combine sequential single-qubit gates
e Routing: Add SWAP gates for non-adjacent qubit interactions

Typical optimisation: 20-50% reduction in gate count
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2.13 Chapter Summary

Congratulations! You've just completed a comprehensive tour of the hybrid quantum
computing landscape—from the extreme cryogenic systems that keep qubits cold to the
guantum mechanical principles that make them powerful.

Table 2.8: Key Concepts Summary

System Infrastructure Complete QC system includes QPU, cryogenics, control
electronics, classical HPC, storage, and power

Cooling Superconducting systems need 15mK (200x colder than space);
massive energy overhead

Power ~50kW for a 100-qubit system; cooling dominates; extreme
power quality requirements

Data Storage GBs-TBs per experiment; smart compression essential; tiered
storage architecture

Qubit | ) = al0) + B|1); two complex amplitudes; |a|?+ [B|*=1

Superposition Qubits exist in multiple states simultaneously; n qubits = 2*n
states

Entanglement Correlated qubits that can't be described independently; key

resource for quantum advantage

Quantum Gates Unitary operations; universal sets exist (H, CNOT, T); rotations
on Bloch sphere

Measurement Collapses superposition; probabilistic outcomes; requires many
shots for precision

Looking Ahead
With these foundations in place, Chapter 3 will explore how we actually build hybrid

L

quantum-classical systems that combine the best of both worlds. We'll see how variational
algorithms like VQE and QAOA use classical computers to optimise quantum circuits—and
why this hybrid approach is essential for getting practical results from today's noisy
quantum hardware.

Review Questions

Q1. A quantum computing facility consumes 50kW of power. Approximately what
percentage goes to cooling, and why is this necessary?

Q2. Explain why a 300-qubit computer in full superposition represents more states than
there are atoms in the universe.
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Q3. What is the difference between T1 and T2 coherence times, and why do they matter for
quantum computations?

Q4. Describe the Bell state |®*) and explain what makes it "entangled."

Q5. Why do quantum computations require thousands of repeated "shots"? How does shot
count affect precision?

Q6. If a qubit is in state | ) = (V3/2)|0) + (1/2)| 1), what are the probabilities of measuring 0
and 1?

Q7. Explain why quantum gates must be represented by unitary matrices.

Q8. What is the significance of the Hadamard gate, and what does it do geometrically on the
Bloch sphere?

Further Reading

e Nielsen, M.A. & Chuang, I.L. (2010). Quantum Computation and Quantum
Information. Cambridge University Press.

e Preskill, J. (2018). Quantum Computing in the NISQ Era and Beyond. Quantum, 2, 79.
e IBM Quantum Documentation: quantum-computing.ibm.com/docs

e Google Quantum Al: quantumai.google/learn
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Chapter 3

Architectures for Hybrid Quantum Computing

Bridging Classical and Quantum Systems

¢ Learning Objectives
After studying this chapter, you will be able to:

1. Define hybrid quantum computing and explain its necessity
Describe the key components of hybrid quantum-classical systems
Compare different quantum hardware platforms

Understand the variational quantum algorithm framework

S 5SS

Identify key technical challenges in hybrid system design

This chapter explores the architectures that enable hybrid quantum computing—
systems that combine classical and quantum processors to solve problems neither could
tackle alone. We examine why hybrid approaches are essential in the current era of
guantum computing, how these systems are structured, and the platforms available for
implementation.

3.1 What is Hybrid Quantum Computing?

3.1.1 Definition and Motivation

Hybrid quantum computing: refers to computational approaches that integrate
classical computing resources with quantum processors, leveraging the strengths of each to
solve problems more effectively than either could alone

The motivation for hybrid computing stems from two key realities:

e Quantum hardware limitations: Current quantum computers are noisy, have limited
qubit counts, and can only maintain quantum states for short periods (decoherence)

e Classical strengths: Classical computers excel at control logic, data processing,
optimisation algorithms, and error handling

By combining both paradigms, hybrid systems can achieve practical results on
today's quantum hardware while paving the way for future fault-tolerant quantum
computers.
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3.1.2 The NISQ Era

NISQ: (Noisy Intermediate-Scale Quantum) describes the current era of quantum

computing, characterised by devices with 50-1000+ qubits that are too noisy for error

correction but potentially useful for specific applications

Key characteristics of NISQ devices:

Qubit counts: 50 to 1000+ qubits

Gate fidelities: 99-99.9% (meaning 0.1-1% error per gate)
Coherence times: Microseconds to milliseconds

Limited connectivity between qubits

No fault-tolerant error correction

L

Why Hybrid is Essential for NISQ

qubits—far beyond current capabilities. Hybrid algorithms are designed specifically to work
within NISQ constraints by:

Pure quantum algorithms like Shor's factoring require thousands of error-corrected

Using shallow quantum circuits (fewer gates = fewer errors)
Offloading complex calculations to classical processors
Employing classical optimisation to find optimal quantum parameters

Using error mitigation rather than full error correction
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3.2 Hybrid System Architecture

3.2.1 Core Components

A hybrid quantum-classical system consists of several interconnected components:

Table 3.1: Components of Hybrid Quantum Systems

Component ——Function " Guamples

Quantum Processor  Executes quantum circuits, Superconducting chips, trapped

(QPU) performs quantum operations ion systems

Classical Processor Runs optimisation, processes Standard servers, HPC clusters

(CPU/GPU) data, controls workflow

Control Electronics Generates control signals, reads Microwave generators,
measurements ADCs/DACs

Software Stack Circuit compilation, optimisation, Qiskit, Cirq, PennyLane

job scheduling

Communication Layer Transfers data between classical APIs, cloud interfaces
and quantum systems

3.2.2 The Hybrid Feedback Loop

The defining feature of hybrid quantum computing is the iterative feedback loop
between classical and quantum processors:

Classical computer prepares initial parameters for quantum circuit
Quantum processor executes parameterised circuit
Measurement results are sent to classical processor

Classical optimiser updates parameters based on results

A

Process repeats until convergence or termination condition
[See accompanying diagram: Hybrid_Loop.svg]

3.2.3 Synchronous vs. Asynchronous Architectures

Synchronous hybrid computing: involves tight coupling where the classical
processor waits for quantum results before proceeding. This is typical for variational
algorithms

Asynchronous hybrid computing: allows classical and quantum processors to work
independently, with results combined later. This is useful for parallel quantum circuit
execution

Table 3.2: Synchronous vs. Asynchronous Approaches
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Coupling Tight—classical waits for quantum Loose—independent execution

Latency Sensitivity High—delays impact performance Low—tolerant to delays

Use Cases VQE, QAOA, variational Quantum sampling, parallel
algorithms experiments

Complexity Simpler to implement Requires job orchestration
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3.3 Quantum Hardware Platforms

3.3.1 Superconducting Qubits
Superconducting qubits are the most widely deployed quantum technology, used by
IBM, Google, and Rigetti.
e How they work: Electrical circuits cooled to near absolute zero (~15 millikelvin)

exhibit quantum behaviour

e Advantages: Fast gate times (10-100 nanoseconds), scalable fabrication, well-
understood physics

e Challenges: Requires extreme cooling, limited coherence times, crosstalk between
qubits

e Current scale: Up to 1000+ qubits (IBM Condor)

3.3.2 Trapped lon Qubits

Trapped ion systems use individual atoms suspended by electromagnetic fields,
employed by lonQ and Quantinuum.

e How they work: Laser beams manipulate the quantum states of individual ions

e Advantages: Long coherence times (seconds), high gate fidelity (>99.9%), all-to-all
connectivity

e Challenges: Slower gate times (microseconds), scaling complexity

e Current scale: Up to 32 fully-connected qubits

3.3.3 Other Platforms

Several other quantum technologies are under development:
¢ Photonic qubits: Use photons (light particles); operate at room temperature; used
by Xanadu, PsiQuantum

e Neutral atoms: Arrays of atoms held by optical tweezers; promising scalability; used
by QuEra, Pasqal

e Spin qubits: Electron spins in semiconductors; compatible with existing chip
fabrication

e Topological qubits: Theoretically more robust; still in early research (Microsoft)

Table 3.3: Comparison of Quantum Hardware Platforms (2025)

Superconducting 10-100 ns ~100 ps 99-99.9% 1000+ qubits
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Trapped lon 1-100 ps ~1-10s >99.9% 32 qubits
Photonic ~1ps N/A (flying) ~99% 216 modes
Neutral Atom ~1 us ~1s 99.5% 256 atoms
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3.4 The Variational Quantum Algorithm
Framework

3.4.1 Overview

Variational Quantum Algorithms (VQAs): are the primary algorithmic framework for
hybrid quantum computing. They use parameterised quantum circuits optimised by classical
algorithms to solve computational problems

The general VQA framework consists of:

A parameterised quantum circuit (ansatz) U(0)
A cost function C(8) to be minimised

A classical optimiser to update parameters 6

v © N o

An iterative loop until convergence

3.4.2 The Ansatz

Ansatz: (German for "approach" or "starting point") is the parameterised quantum
circuit that prepares trial states. The choice of ansatz significantly impacts algorithm
performance

Common ansatz types:

e Hardware-efficient ansatz: Uses native gates of the quantum hardware; minimises
circuit depth

e Problem-inspired ansatz: Structure derived from the problem (e.g., UCCSD for
chemistry)

e Layered ansatz: Alternating layers of rotation and entangling gates

3.4.3 Classical Optimisers

The classical optimiser updates circuit parameters based on measured outcomes:

e Gradient-based: ADAM, L-BFGS—efficient but require gradient estimation

e Gradient-free: COBYLA, Nelder-Mead, SPSA—robust to noise but may converge
slowly

e Evolutionary: Genetic algorithms—good for avoiding local minima

The Barren Plateau Problem

L
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Barren plateaus are regions in the parameter space where the cost function
gradient becomes exponentially small, making optimisation nearly impossible.

This occurs particularly with:
e Deep circuits (many layers)
e Random initialisation
e Highly expressive ansatze

Mitigation strategies include careful initialisation, shallow circuits, and problem-
specific ansatz design.
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3.5 Software Platforms and Frameworks

3.5.1 Major Quantum Software Frameworks

Table 3.4: Quantum Computing Software Frameworks

Qiskit Full-stack, extensive libraries, General quantum computing,
large community education

Cirq Google Low-level control, hardware- Research, custom
focused experiments

PennyLane Xanadu Differentiable programming, Quantum machine learning
ML integration

Amazon Braket AWS Multi-hardware access, cloud- Enterprise, hardware
native comparison

Azure Microsoft Integrated cloud platform, Q# Enterprise integration

Quantum language

3.5.2 The Quantum Software Stack
The quantum software stack mirrors classical computing with layers of abstraction:
e Application layer: High-level algorithms (VQE, QAOA)
e Algorithm layer: Quantum subroutines, circuit templates
e Compilation layer: Circuit optimisation, gate decomposition
e Control layer: Pulse-level control, calibration

e Hardware layer: Physical qubits, control electronics

3.6 Key Technical Challenges

3.6.1 Noise and Decoherence

Quantum states are extremely fragile. Environmental interference causes:

e Decoherence: Loss of quantum information over time
e Gate errors: Imperfect implementation of quantum operations

e Measurement errors: Incorrect readout of qubit states

3.6.2 Latency and Communication
The hybrid feedback loop introduces latency:
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e Quantum-to-classical communication: ~1-10 ms per iteration
e Cloud-based quantum access: ~100 ms - 1 s roundtrip

e This limits the number of iterations feasible for variational algorithms

3.6.3 Scalability

Scaling quantum systems faces multiple challenges:

e Maintaining qubit quality as systems grow
¢ Increasing connectivity between qubits
e Managing control electronics complexity

e Cryogenic cooling requirements (for superconducting systems)
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3.7 Chapter Summary

Table 3.5: Key Concepts Summary

Hybrid Computing Combines classical and quantum processors to leverage
strengths of each

NISQ Era Current period with noisy, intermediate-scale quantum devices
(50-1000+ qubits)

Hybrid Loop Iterative process: classical preparation = quantum execution =
classical optimisation

VQAs Variational algorithms using parameterised circuits optimised
classically

Hardware Platforms Superconducting, trapped ion, photonic, neutral atom—each
with trade-offs

Challenges Noise, decoherence, latency, scalability, barren plateaus

With an understanding of hybrid architectures, we are now ready to explore specific
algorithms in Chapter 4, where we will examine VQE, QAOA, and quantum machine learning
approaches in detail.

Review Questions

Q1. Why is hybrid quantum-classical computing necessary in the NISQ era?
Q2. Describe the five main components of a hybrid quantum computing system.

Q3. Compare superconducting qubits and trapped ions in terms of their advantages and
challenges.

Q4. What is an ansatz and why is its design important for variational algorithms?
Q5. Explain the barren plateau problem and strategies to mitigate it.

Q6. What are the key differences between synchronous and asynchronous hybrid
architectures?

Hybrid Quantum Computing: Architectures, Algorithms, and Applications e Page 41



Chapter 4: Hybrid Quantum Algorithms

Chapter 4

Algorithms and Software for Hybrid Systems

From Theory to Implementation

¢ Learning Objectives
After studying this chapter, you will be able to:

1. Explain the Variational Quantum Eigensolver (VQE) algorithm
Understand the Quantum Approximate Optimisation Algorithm (QAOA)
Describe quantum machine learning approaches

Implement basic hybrid algorithms using Qiskit

A ST

Compare algorithm performance across different problems

This chapter presents the core algorithms that power hybrid quantum computing.
We examine in detail the two most important variational algorithms—VQE and QAOA—
along with emerging quantum machine learning techniques. Each algorithm is explained
with mathematical foundations, practical implementations, and real-world applications.

4.1 Variational Quantum Eigensolver (VQE)

4.1.1 Overview and Purpose

Variational Quantum Eigensolver (VQE): is a hybrid quantum-classical algorithm
designed to find the ground state energy of a quantum system, particularly useful for
molecular and materials simulations

VQE was introduced in 2014 by Peruzzo et al. and has become the flagship algorithm
for near-term quantum chemistry applications. Its key advantage is using shallow quantum
circuits that are executable on NISQ hardware.

4.1.2 The Variational Principle

VQE is based on the variational principle from guantum mechanics:

Eo < (b(0)[H[p(0)) = E(6)
This states that the expected energy of any trial state | )(8)) is always greater than

or equal to the true ground state energy E,. By minimising E(0) over parameters 6, we
approach the ground state.
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4.1.3 Algorithm Steps

o U h W

The VQE algorithm proceeds as follows:

Encode the problem: Map the physical system (e.g., molecule) to a qubit
Hamiltonian H

Choose an ansatz: Select a parameterised quantum circuit U(0)

Prepare the state: Apply U(8)|0) to create trial state | {(8))

Measure energy: Estimate ({(8) |H|(8)) through measurements
Optimise classically: Update 6 to minimise energy

Iterate: Repeat steps 3-5 until convergence

[See accompanying diagram: VQE_Algorithm.svg]

4.1.4 Ansatz Design for Chemistry

For molecular simulations, common ansatze include:

UCCSD (Unitary Coupled Cluster Singles and Doubles): Chemically-inspired, accurate
but deep circuits

Hardware-Efficient Ansatz: Uses native gates, shallow but may lack expressibility

ADAPT-VQE: Iteratively builds ansatz, balances depth and accuracy

from
from
from
from

M VQE Implementation (Qiskit)

# Define ansatz (parameterised circuit)
ansatz = TwolLocal(num qubits=4,

# Classical optimiser
optimizer = COBYLA(maxiter=200)

# Create VQE instance
vge = VQE(ansatz, optimizer=optimizer,

guantum instance=Aer.get backend('statevector simulator'))

# Run VQE with Hamiltonian H

giskit import Aer

giskit.circuit.library import TwolLocal
giskit.algorithms import VQE
giskit.algorithms.optimizers import COBYLA

rotation blocks='ry',
entanglement blocks='cz',
reps=2)
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result = vge.compute minimum eigenvalue(H)
print(f"Ground state energy: {result.eigenvalue}")
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4.2 Quantum Approximate Optimisation
Algorithm (QAOA)

4.2.1 Overview

QAOA: (Quantum Approximate Optimisation Algorithm) is a hybrid algorithm
designed to solve combinatorial optimisation problems by encoding solutions as quantum
states and using variational techniques to find optimal or near-optimal solutions

Introduced by Farhi et al. in 2014, QAOA has applications in scheduling, logistics,
finance, and machine learning.

4.2.2 Problem Encoding
QAOA encodes optimisation problems as Ising Hamiltonians:
H_C = Zij Jij ZiZj + Ei hi Zi

where J;j represents interactions between variables, h; represents local biases, and Z;
are Pauli-Z operators.

4.2.3 Algorithm Structure

QAOA alternates between two types of operations:
¢ Problem Hamiltonian (H_C): Encodes the cost function to be optimised
e Mixer Hamiltonian (H_B): Typically H_B =%, X, creates superposition

The QAOA circuit for p layers is:

[0(v,8)) = T1p e (-iBH.B) e (-in,H C) [+)"®n

4.2.4 Example: MaxCut Problem

MaxCut: is a classic combinatorial problem: given a graph, partition vertices into two
sets to maximise the number of edges between sets

¢ MaxCut with QAOA
For a graph with edges (i,j):
e Each vertex becomes a qubit
e |0)=SetA, |1)=SetB
e Cost Hamiltonian: H_C =%_(i,j)€E %(1 - Z.Z))
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e Goal: Find | ) that maximises ({|H_C|)

QAOA with sufficient layers can approximate the optimal cut.

B QAOA for MaxCut (Qiskit)

from qiskit.algorithms import QAOA

from qiskit.algorithms.optimizers import
COBYLA

from giskit.opflow import Z, I

# Define MaxCut Hamiltonian for triangle

graph

# Edges: (0,1), (1,2), (0

H=0.5* ((I"I"I) - (2
0.5 * ((I"I"I) - (I*
0.5 * ((I"I"I) - (Z2°I

2)
Z I))
2°7))
Z))

+ \
+ \

# Run QAOA with p=2 layers

gaoa = QAOA(optimizer=COBYLA(maxiter=100),
reps=2)

result = gaoa.compute minimum eigenvalue(H)

print(f"Optimal cut value: {-
result.eigenvalue}")
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4.3 Quantum Machine Learning

4.3.1 Overview

Quantum Machine Learning (QML): combines quantum computing with machine
learning, potentially offering advantages for certain data processing, pattern recognition,
and optimisation tasks

QML approaches can be categorised as:

e Quantum-enhanced classical ML: Quantum subroutines accelerate classical
algorithms

e Classical ML for quantum: Classical ML optimises/interprets quantum experiments

e Fully quantum ML: Quantum models on quantum data (future)

4.3.2 Variational Quantum Classifiers

Variational Quantum Classifier (VQC): uses a parameterised quantum circuit as a
machine learning model, with classical optimisation to train the parameters on labelled data

VQC structure:

Feature map: Encode classical data x into quantum state |@(x))
Variational circuit: Apply parameterised unitary U(0)

Measurement: Obtain predictions from qubit measurements

A L0 d -

Training: Update 8 to minimise classification loss

4.3.3 Quantum Kernels

Quantum kernel methods: use quantum computers to compute kernel functions—
similarity measures between data points—in exponentially large feature spaces

The quantum kernel is defined as:
k(% Xj) = (@ ()]0 (x5))
Advantages of quantum kernels:

e Access to feature spaces exponential in qubit count
e Some kernels provably hard to compute classically

e Compatible with classical SVM training

4.3.4 Quantum Neural Networks
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Quantum neural networks (QNNs) are hybrid models combining quantum circuits
with classical neural network layers:

e Data encoding layer: Transforms classical input to quantum state
¢ Quantum processing layers: Parameterised quantum circuits
e Measurement layer: Extracts classical output

e Classical post-processing: Further processing if needed

Potential Quantum Advantages in ML

K

Quantum ML may offer advantages for:

e High-dimensional data with quantum structure

e Problems with exponentially large feature spaces

e Optimisation landscapes with quantum tunnelling benefits
e Sampling from complex probability distributions

Caveat: Rigorous quantum advantage for practical ML remains an active research
area.
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4.4 Comparative Analysis of Hybrid
Algorithms

Table 4.1: Comparison of Major Hybrid Quantum Algorithms

Algorlthm Problem Type Circuit Depth Classical Load Applications

Eigenvalue Medium-High Optimisation Chemistry, materials
problems

QAOA Combinatorial Low-Medium Optimisation Scheduling, logistics
optimisation

vQC Classification Low-Medium Training Pattern recognition

QSVM Classification Low (kernel) SVM training High-dim

classification
QNN General ML Variable Backpropagation Complex patterns

4.4.1 Choosing the Right Algorithm

Algorithm selection depends on:

e Problem type: Optimisation = QAOA; Simulation = VQE; Classification =
VQC/QSVM

e Hardware constraints: Available qubits, connectivity, gate fidelity
e Required accuracy: Higher accuracy often requires deeper circuits

e Classical resources: Optimisation budget, training data availability

4.5 Chapter Summary

Table 4.2: Key Concepts Summary

Concept Key Points

VQE Finds ground state energies using variational principle; ideal for
chemistry

QAOA Solves combinatorial optimisation; alternates problem/mixer
Hamiltonians

QML Quantum circuits for machine learning; VQC, kernels, QNNs

Ansatz Parameterised circuit structure; critical for algorithm success

Classical Optimiser Updates quantum parameters; gradient-based or gradient-free
methods
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With these algorithmic foundations, Chapter 5 will present experimental
implementations and case studies demonstrating these algorithms on real quantum
hardware.

Review Questions

Q1. Explain the variational principle and how VQE exploits it.

Q2. What are the main differences between VQE and QAOA in terms of problem types and
circuit structure?

Q3. Describe the role of the mixer Hamiltonian in QAOA.
Q4. How does a variational quantum classifier work? What are its main components?
Q5. What potential advantages might quantum kernels offer over classical kernels?

Q6. What factors should guide the choice between different hybrid algorithms?
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Chapter 5

Experimental Results and Case Studies

From Simulation to Real Hardware

¢ Learning Objectives
After studying this chapter, you will be able to:

1. Describe the experimental methodology for hybrid quantum computing
Interpret key performance metrics (fidelity, convergence, error rates)
Understand error mitigation techniques

Analyse results from molecular simulation and optimisation experiments

A ST

Compare quantum hardware performance across platforms

This chapter presents experimental results from implementing hybrid quantum
algorithms on both simulators and real quantum hardware. We examine the methodology,
metrics, and practical challenges of running quantum experiments, supported by case
studies in molecular simulation and combinatorial optimisation.

5.1 Experimental Methodology

5.1.1 Research Design
Our experimental approach follows a systematic pipeline:
1. Problem formulation and encoding
2. Algorithm selection and ansatz design
3. Simulation testing for validation
4. Hardware execution with error mitigation
5

Result analysis and comparison with classical baselines

5.1.2 Experimental Platforms

Experiments were conducted on multiple platforms:

Table 5.1: Experimental Platforms Used

plaorm ——~Type _—Qubs _—— Pupose

Qiskit Aer Simulator Up to 32 Algorithm validation
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placform ————Type ———Qubts_—— Pupose

IBM Brisbane Superconducting 127 Hardware benchmarks
lonQ Aria Trapped lon 25 High-fidelity tests
Noise Model Simulator Variable Error analysis

5.1.3 Performance Metrics

We evaluated algorithms using the following metrics:

¢ Fidelity: Overlap between obtained and ideal state: F = | ({_ideal | {_obtained)|?
e Convergence rate: Number of iterations to reach target accuracy

e Energy accuracy: |E_computed - E_exact| for VQE experiments

e Approximation ratio: Solution quality / Optimal solution for QAOA

e Circuit depth: Number of gate layers (affects noise accumulation)

e Shot count: Number of measurements per circuit evaluation

5.2 Error Mitigation Techniques

5.2.1 Why Error Mitigation?

NISQ devices lack full error correction. Error mitigation techniques reduce the impact
of noise without the overhead of fault-tolerant encoding.

5.2.2 Common Techniques

Measurement Error Mitigation

Corrects for imperfect qubit readout by characterising and inverting the
measurement error matrix.

e Calibrate error rates for each qubit
e Build confusion matrix from calibration data

e Apply inverse transformation to measured results

Zero-Noise Extrapolation (ZNE)

Artificially increases noise, measures outcomes at multiple noise levels, then
extrapolates to zero noise.

e Execute circuit at noise levels A, 2\, 3A...
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e Fit curve to results

e ExtrapolatetoA—0

Probabilistic Error Cancellation (PEC)

Represents noisy gates as combinations of ideal operations, sampling from a quasi-
probability distribution.

¢ Error Mitigation vs Error Correction

e Error Mitigation: Post-processing; no qubit overhead; approximate correction;
suitable for NISQ

e Error Correction: Encoding-based; requires many physical qubits per logical qubit;
exact correction; future fault-tolerant era
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5.3 Case Study: Molecular Ground State
Energy

1] Case Study: H, Molecule Ground State with VQE

Problem Description

lengths using VQE.

Setup

Calculate the ground state energy of the hydrogen molecule (H,) at various bond

Hamiltonian: 4-qubit representation using Jordan-Wigner transformation
Ansatz: Hardware-efficient with RY rotations and CZ entanglement
Optimiser: COBYLA with 200 maximum iterations

Hardware: IBM Brisbane (127 qubits, using 4)

Shots: 8192 per circuit evaluation

Table 5.2: VQE Results for H, at Bond Length 0.74 A

Mthod " Energ (ia) ———Error i)

Exact (FCI) -1.1373

Simulator VQE -1.1371 0.2 87
Hardware (raw) -1.0842 53.1 124
Hardware + ZNE -1.1298 7.5 124
Key Findings

Simulator achieves chemical accuracy (<1.6 mHa error)
Raw hardware results show significant noise-induced error
ZNE reduces error by ~85%, approaching practical utility threshold

Convergence on hardware requires more iterations due to noise

[See accompanying diagram: VQE_Convergence.svg]

5.4 Case Study: MaxCut Optimisation

1] Case Study: QAOA for MaxCut on Random Graphs

Problem Description
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Setup

Solve the MaxCut problem for random 3-regular graphs of varying sizes using QAOA.

Graph sizes: 4, 6, 8, 10 nodes
QAOA layers:p=1,2,3
Optimiser: COBYLA

Baseline: Goemans-Williamson classical algorithm

Table 5.3: QAOA Performance on MaxCut

4 2 4.0 4 12

1.00
6 2 6.8 7 0.97 45
8 3 9.2 10 0.92 180
10 3 11.5 13 0.88 420
Key Findings

QAOA achieves optimal solutions for small graphs (4 nodes)
Approximation ratio decreases with graph size
More layers (higher p) improve solution quality but increase runtime

Competitive with classical heuristics for small instances
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5.5 Scalability and Noise Analysis

5.5.1 Scaling Behaviour

We analysed how algorithm performance scales with problem size:

e VQE: Energy error increases approximately linearly with qubit count due to
cumulative gate errors

e QAOA: Approximation ratio degrades more slowly, but circuit depth increases with
problem size

e Practical limit: Current hardware shows useful results up to ~20-30 qubits with error
mitigation

5.5.2 Noise Impact

Noise sources and their relative impact:

Table 5.4: Noise Contributions to Error

Typical Rate Contribution to Error

Two-qubit gate errors 0.5-2% ~60%
Measurement errors 1-3% ~25%
Single-qubit gate errors 0.01-0.1% ~10%
Decoherence T1, T2 ~ 100us ~5%

5.6 Chapter Summary
This chapter demonstrated:

e Systematic experimental methodology for hybrid quantum computing

e Effectiveness of error mitigation in improving hardware results

e VQE can achieve near-chemical accuracy with sufficient error mitigation

e QAOA provides good approximate solutions for small optimisation problems
e Current practical limits of ~20-30 qubits for meaningful applications

e Two-qubit gate errors remain the primary noise contributor

Chapter 6 will explore real-world applications across finance, chemistry, and artificial
intelligence, building on these experimental foundations.
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Review Questions

Q1. What is the difference between error mitigation and error correction?

Q2. Explain how zero-noise extrapolation works.

Q3. Why do two-qubit gates contribute more to overall error than single-qubit gates?
Q4. What determines the practical qubit limit for current hybrid algorithms?

Q5. How does QAOA approximation ratio change with problem size?

Q6. What role does shot count play in the accuracy of quantum measurements?
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Chapter 6

Applications of Hybrid Quantum Computing

Finance, Chemistry, and Artificial Intelligence

¢ Learning Objectives
After studying this chapter, you will be able to:

1. Apply hybrid quantum algorithms to portfolio optimisation
Understand quantum chemistry simulations for drug discovery
Describe quantum machine learning applications

Identify which problems are suitable for hybrid quantum approaches

A ST

Evaluate the current state of quantum advantage in applications

This chapter demonstrates the practical relevance of hybrid quantum computing
through detailed applications in finance, chemistry, and artificial intelligence. Each domain
showcases how hybrid algorithms address real-world challenges that are difficult for
classical computers.

6.1 Finance: Portfolio Optimisation

6.1.1 The Problem

Portfolio optimisation: is the process of selecting the best mix of assets to maximise
return while minimising risk. This is classically modelled as a quadratic optimisation problem

The Markowitz mean-variance model:

Minimise: w'Xw (portfolio variance)
Subject to: w'p. > r (minimum return)

Yw; = 1 (budget constraint)

where w is the weight vector, X is the covariance matrix, i is expected returns, and r
is target return.

6.1.2 Why Quantum?

Portfolio optimisation becomes exponentially complex with:

e Large numbers of assets (100s to 1000s)
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e Integer constraints (discrete lot sizes)
e Cardinality constraints (maximum number of holdings)
e Transaction costs and rebalancing

These constraints transform the problem from polynomial to NP-hard.

6.1.3 Hybrid Quantum Approaches

QAOA for Portfolio Selection

e Encode asset selection as binary variables
e Map constraints to penalty terms in Hamiltonian

e Use QAOA to find optimal or near-optimal portfolios

VQE for Risk Assessment

e Quantum simulation of correlated market scenarios

e Enhanced Monte Carlo sampling using quantum amplitude estimation

ién Industry Application: JPMorgan Chase & IBM
In 2023-2025, JPMorgan partnered with IBM to explore quantum portfolio

optimisation:
e Tested QAOA on portfolios with up to 60 assets
e Achieved approximation ratios of 0.95+ on simulated hardware

e Estimated 10-20% improvement in optimisation speed for specific problem
instances

¢ |dentified hybrid quantum-classical workflows as practical near-term approach
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6.2 Chemistry: Molecular Simulation

6.2.1 The Problem

Molecular simulation: aims to compute the electronic structure and properties of
molecules, essential for drug discovery, materials science, and catalyst design

The core challenge is solving the electronic Schrédinger equation:

H|Y) = E[v)
For molecules with N electrons, the wavefunction complexity scales exponentially,
making exact classical computation infeasible beyond ~30-40 electrons.

6.2.2 Why Quantum?

Quantum computers are naturally suited for simulating quantum systems:

e Feynman's insight: "Nature isn't classical... and if you want to make a simulation of
nature, you'd better make it quantum mechanical."

e Qubits can directly represent electronic orbitals
e Quantum superposition captures electron correlation naturally

e Potential exponential speedup over classical methods

6.2.3 Drug Discovery Pipeline

Table 6.1: Quantum Applications in Drug Discovery

Quantum Application Current Status

Target Identification  Protein structure prediction Early research

Lead Discovery Molecular docking simulations  Active development
Lead Optimisation Binding affinity calculations VQE demonstrations
Toxicity Prediction ADMET property simulation Exploratory

gam Industry Application: Roche & Cambridge Quantum

Pharmaceutical company Roche partnered with Cambridge Quantum (now
Quantinuum) for drug discovery:

e Simulated small drug-like molecules using VQE
e Achieved chemical accuracy for molecules up to 12 qubits
e Identified promising targets for larger-scale quantum simulations

e Estimated 5-10 year timeline for production-ready quantum chemistry
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6.3 Artificial Intelligence: Quantum
Machine Learning

6.3.1 Quantum-Enhanced Classification

Quantum classifiers offer potential advantages for high-dimensional data:

e Feature space: Map data to exponentially large Hilbert space
e Pattern recognition: Quantum interference may reveal hidden correlations

¢ Training efficiency: Potential speedups in certain optimisation landscapes

6.3.2 Applications

Image Classification

e Encode image features into quantum states
e Use variational quantum circuits for classification

e Demonstrated on MNIST, Fashion-MNIST datasets

Natural Language Processing

e Quantum embedding of words and sentences
e Compositional semantics using tensor networks

e Explored by Cambridge Quantum (QNLP framework)

Anomaly Detection

e Quantum autoencoders for dimensionality reduction
e Applications in fraud detection, cybersecurity

e Enhanced sampling for rare event detection

6.3.3 Generative Al and Quantum

Emerging applications combine quantum computing with generative Al:

e Quantum GANs: Generate quantum states for materials discovery
e Quantum Boltzmann Machines: Sample from complex probability distributions

e Hybrid LLM training: Quantum subroutines for transformer optimisation (research
stage)

6.4 Cross-Domain Insights
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6.4.1 What Makes a Problem Quantum-Ready?

Problems suitable for hybrid quantum approaches share characteristics:

Table 6.2: Criteria for Quantum Suitability

Combinatorial structure Problems with exponentially many configurations
(optimisation, sampling)

Quantum nature Systems inherently quantum mechanical (molecules,
materials)

High dimensionality Data in spaces where classical sampling is inefficient

Approximate solutions NISQ algorithms typically provide approximate, not exact,

acceptable answers

Classical intractability Problems where best classical algorithms scale poorly

6.4.2 Current State of Quantum Advantage

% Quantum Advantage Status (2025)
e Demonstrated: Specific sampling tasks (Google 2019, 2024)

e Near-term potential: Quantum chemistry (5-10 years)
e Promising research: Optimisation, machine learning
e Long-term: Cryptography (requires fault-tolerant QC)

Key insight: Practical quantum advantage for business applications remains an
active research goal, not yet a commercial reality.
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6.5 Chapter Summary

Table 6.3: Application Domains Summary

Finance QAOA, VQE Research/Pilot 3-7 years
Chemistry VQE, QPE Advanced Research  5-10 years
Machine Learning VQC, Kernels Early Research 7-15 years
Cryptography Shor's Theoretical 15-20+ years

Chapter 7 will examine the challenges and future directions that will determine how
quickly these applications move from research to production.

Review Questions

Q1. Why is portfolio optimisation with constraints an NP-hard problem?

Q2. Explain Feynman's argument for why quantum computers are suited to molecular
simulation.

Q3. What are the key stages of drug discovery where quantum computing may contribute?
Q4. Describe three criteria that make a problem suitable for hybrid quantum approaches.
Q5. What is the current state of quantum advantage for practical applications?

Q6. Compare the maturity timelines for quantum applications in finance vs. chemistry.
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Chapter 7

Challenges and Future Directions

Navigating the Road Ahead

¢ Learning Objectives
After studying this chapter, you will be able to:

1. Identify key technical challenges limiting current quantum systems
Understand the path toward fault-tolerant quantum computing
Evaluate emerging hardware and software trends

Consider ethical and societal implications of quantum computing

A ST

Analyse industry roadmaps and timelines

This chapter examines the challenges facing hybrid quantum computing and explores
the future directions that researchers, companies, and governments are pursuing.
Understanding these challenges and trends is essential for anyone planning to work with
guantum technology in the coming decades.

7.1 Technical Challenges

7.1.1 Noise and Decoherence

Decoherence: remains the primary obstacle to quantum computing. Quantum states
are extraordinarily fragile, losing their quantum properties through interaction with the
environment

Key decoherence mechanisms:

e T1 (energy relaxation): Qubit spontaneously decays from |1) to |0)
e T2 (dephasing): Loss of phase coherence between |0) and | 1)
e Crosstalk: Unintended interactions between neighbouring qubits

e Leakage: Qubit escapes computational subspace to higher energy states

Table 7.1: Coherence Times by Technology (2025)

Technology T1 (typical) T2 (typical)

Superconducting 100-500 pus 50-200 ps
Trapped lon > 1 minute 1-10 seconds
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Technology T1 (typical) T2 (typical)

Neutral Atom > 10 seconds ~1 second
Photonic N/A (no decay) Limited by loss

7.1.2 Error Rates and Thresholds

Current two-qubit gate error rates (~0.1-1%) must improve significantly for fault-
tolerant computing.

e Current best: ~99.9% fidelity (trapped ions, select superconducting systems)
e Fault-tolerance threshold: ~99.99% (depends on error correction code)

e Gap: Factor of 10-100x improvement still needed

7.1.3 Scalability Challenges

Scaling quantum systems introduces compounding difficulties:

e Control complexity: Each qubit requires precise individual control

e Connectivity: Limited qubit-to-qubit connections increase circuit depth
e Calibration: Drift requires frequent recalibration

e Classical resources: Control electronics scale with qubit count

e Cooling (superconducting): Dilution refrigerators have limited cooling power
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7.2 Algorithmic Challenges

7.2.1 Barren Plateaus

As discussed in Chapter 4, barren plateaus cause exponentially vanishing gradients in
variational quantum algorithms, making optimisation increasingly difficult for larger
systems.

¢ Open Research Questions on Barren Plateaus

1. Can problem-specific ansatze avoid barren plateaus in general?
2. What is the relationship between expressibility and trainability?
3. Can classical pre-training or warm-starting mitigate the problem?

4. Are there quantum optimisers that navigate barren plateaus more effectively?

7.2.2 Circuit Depth Limitations

NISQ devices can only execute shallow circuits before errors accumulate:

e Typical usable depth: 10-100 layers (depending on hardware)
e Many interesting algorithms require deeper circuits

e Circuit compilation must aggressively optimise depth

7.2.3 Classical Simulation Competition
Classical simulation techniques continue to improve:
e Tensor networks: Can simulate certain quantum circuits efficiently
e GPU acceleration: Enables simulation of 40+ qubits for specific circuits

e Problem-specific methods: Classical heuristics often competitive for near-term
problems

This raises the bar for demonstrating genuine quantum advantage.

7.3 Future Hardware Directions

7.3.1 Path to Fault Tolerance

@ Future Direction: Logical Qubits

Logical qubits: are error-corrected qubits encoded across many physical qubits.
They are essential for fault-tolerant quantum computing
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e Surface codes: Most promising approach; requires ~1000 physical qubits per logical
qubit

e Timeline: First demonstrations 2023-2024; practical systems 2028-2035

e Milestones: Google, IBM, Quantinuum have demonstrated early logical qubit
operations

7.3.2 Modular Architectures

Future quantum computers will likely be modular, connecting smaller processors:

e Quantum interconnects: Photonic links between processor nodes
e Distributed quantum computing: Multiple QPUs working together

e Quantum networks: Long-distance entanglement distribution

7.3.3 Alternative Technologies

Table 7.2: Emerging Quantum Technologies

Technology Potential Advantage m

Topological Qubits Inherent error protection from topology Early research

Silicon Spin Qubits Compatible with semiconductor Active development
manufacturing

Photonic Room temperature operation, networking ~ Commercial systems

Neutral Atoms Large qubit counts, reconfigurable Rapid progress
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7.4 Software and Ecosystem Evolution

7.4.1 Quantum Software Maturation

The quantum software ecosystem is evolving toward:

e Abstraction layers: Higher-level programming hiding hardware details
e Automatic compilation: Intelligent mapping of algorithms to hardware
e Error-aware development: Tools that account for noise in algorithm design

e Hybrid orchestration: Seamless classical-quantum workflow management

7.4.2 Standardisation Efforts

Industry standards are emerging:

¢ QIR (Quantum Intermediate Representation): LLVM-based standard for quantum
programs

e OpenQASM 3.0: Standard quantum assembly language
e |EEE P7130: Quantum computing definitions and terminology

e Benchmarking standards: Quantum volume, CLOPS, application benchmarks

7.5 Societal and Ethical Considerations

7.5.1 Cryptographic Impact

Quantum computers pose both threats and opportunities for cryptography:

e Threat: Shor's algorithm can break RSA, ECC—foundation of current security
e Timeline: Cryptographically-relevant quantum computers: 15-20+ years
e Response: Post-quantum cryptography (PQC) standards now being deployed

e Opportunity: Quantum key distribution (QKD) for provably secure communication

7.5.2 Workforce and Education

Building quantum workforce capacity requires:
e University programs in quantum information science
e Industry training and upskilling initiatives
e K-12 quantum literacy foundations

e Diverse and inclusive talent pipelines
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7.5.3 Geopolitical Considerations

Quantum technology has become a focus of national strategies:

e Investment: US, EU, China, UK each investing $10-15+ billion
e Competition: Race for quantum advantage and talent
e Cooperation: Need for international research collaboration

e Export controls: Emerging restrictions on quantum technology transfer
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7.6 Industry Roadmaps

Table 7.3: Major Quantum Computing Roadmaps

100,000 qubit-level Error-corrected systems Fault-tolerant QC
system

Google Willow chip (105 qubits) Logical qubit demos Million-qubit systems

Microsoft Topological qubit First topological systems Scalable topological QC
research

lonQ 35+ algorithmic qubits 64+ qubits, networking Distributed quantum

Key Milestones to Watch

L

e 2025-2026: Demonstrations of useful error correction
e 2027-2028: First systems with 10+ logical qubits
e 2029-2030: Practical guantum advantage for specific applications

e 2033-2035: Fault-tolerant quantum computers for broader applications

7.7 Chapter Summary
Key challenges and future directions for hybrid quantum computing:

e Technical: Noise, decoherence, scalability remain fundamental hurdles

e Algorithmic: Barren plateaus, circuit depth limitations, classical competition

e Hardware trends: Path to fault tolerance, modular architectures, new technologies
e Software: Ecosystem maturation, standardisation, abstraction

e Societal: Cryptographic impact, workforce development, geopolitics

Chapter 8 will conclude the thesis by summarising key findings and contributions,
reflecting on the current state of the field, and offering recommendations for future
research.

Review Questions

Q1. Why is decoherence the primary obstacle to quantum computing?
Q2. What error rate threshold is needed for fault-tolerant quantum computing?

Q3. Explain the challenge of barren plateaus and why it matters for scaling.
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Q4. What are logical qubits and why are they important?
Q5. How is post-quantum cryptography addressing the threat from quantum computers?

Q6. Compare the roadmaps of two major quantum computing companies.
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Chapter 8

Conclusion

Summary, Contributions, and Future Outlook

This thesis has provided a comprehensive exploration of hybrid quantum computing

—from fundamental quantum mechanics to practical applications and future directions. This

concluding chapter synthesises the key findings, articulates the contributions of this work,

acknowledges its limitations, and offers guidance for future research.

8.1 Summary of Research Questions

This thesis addressed six research questions concerning hybrid quantum computing:

Table 8.1: Research Questions and Findings

Research Question Key Finding

1. What foundations underpin hybrid QC?

2. What challenges limit current systems?

3. How can novel hybrids improve
performance?

4. What is empirical performance on
hardware?

5. How effective in real-world domains?

6. What trends shape future evolution?

Qubits, superposition, entanglement, and
guantum gates form the basis; variational
algorithms bridge classical-quantum systems

Decoherence, gate errors, barren plateaus,
and limited qubit counts; error mitigation
partially addresses these

Problem-specific ansatze, adaptive
algorithms, and classical-quantum co-
optimisation show 10-20% improvements

VQE achieves near-chemical accuracy with
mitigation; QAOA competitive for small
problems; 20-30 qubit practical limit

Promising results in chemistry, finance
optimisation, and ML; commercial advantage
5-15 years away

Path to fault tolerance, modular
architectures, software maturation, and
expanding application portfolio

8.2 Key Findings and Insights

8.2.1 The Necessity of Hybrid Approaches
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This thesis confirms that hybrid quantum-classical computing is not merely a
transitional technology but a fundamental paradigm for practical quantum advantage. Pure
quantum algorithms require fault-tolerant hardware that remains years away; hybrid
approaches enable productive use of current NISQ devices.

8.2.2 Algorithm-Hardware Co-Design

A central insight is the importance of algorithm-hardware co-design. Algorithms
must be tailored to hardware capabilities—connectivity, native gates, error characteristics—
to achieve practical results. This contrasts with classical computing where software is largely
hardware-agnostic.

8.2.3 Error Mitigation as a Bridge Technology

Error mitigation techniques (ZNE, measurement correction, PEC) provide a crucial
bridge between current noisy hardware and future error-corrected systems. Our
experiments demonstrated up to 85% error reduction using ZNE, bringing results within
practical utility thresholds.

8.2.4 Application Readiness Varies by Domain

Different applications are at different stages of quantum readiness:

e Chemistry: Most mature; VQE can address real molecular problems now
¢ Finance: Promising for optimisation; requires larger, more reliable systems

e Machine Learning: Active research area; quantum advantage not yet demonstrated
for practical problems

Hybrid Quantum Computing e Page 74



Chapter 8: Conclusion

8.3 Original Contributions

This thesis makes the following contributions to knowledge and practice:

8.3.1 Educational Contributions

1.

Comprehensive educational framework: Development of institution-ready materials
covering quantum fundamentals through advanced applications

Visual learning resources: Creation of diagrams and visualisations (Bloch sphere,
circuit notation, algorithm flowcharts) for pedagogical use

Worked examples: Step-by-step implementations of VQE, QAOA, and QML
algorithms with code

8.3.2 Technical Contributions

4.

6.

Comparative analysis: Systematic comparison of hybrid algorithms across problem
types, hardware platforms, and performance metrics

Error mitigation evaluation: Quantified effectiveness of mitigation techniques on
real hardware

Scalability analysis: Established practical qubit limits for current hybrid algorithms

8.3.3 Practical Contributions

7.

Industry mapping: Analysis of application readiness across finance, chemistry, and Al
domains

Roadmap synthesis: Integration of industry roadmaps with technical milestones

Reproducible framework: Automated thesis compilation system for reproducible
research documentation

8.4 Limitations

This research has several limitations that should be acknowledged:

Hardware access: Experiments were limited by availability and cost of quantum
hardware; larger-scale validations would strengthen findings

Rapidly evolving field: Quantum computing advances quickly; some findings may be
superseded by new developments

Application scope: Focus on three domains (finance, chemistry, Al) necessarily
excludes other promising areas

Simulation approximations: Some conclusions rely on noise models that imperfectly
capture real hardware behaviour
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Problem scale: Benchmark problems are smaller than production-scale applications;
extrapolation introduces uncertainty

8.5 Recommendations for Future Research

8.5.1 Near-Term (1-3 Years)

Develop problem-specific ansatze that provably avoid barren plateaus
Create automated tools for algorithm-hardware co-optimisation
Establish standardised benchmarks for fair algorithm comparison

Investigate hybrid quantum-classical neural network architectures

8.5.2 Medium-Term (3-7 Years)

Explore integration of early logical qubits into hybrid workflows
Develop quantum advantage demonstrations for specific applications
Create industry-ready quantum software development tools

Establish quantum computing education standards

8.5.3 Long-Term (7-15 Years)

Investigate fault-tolerant hybrid algorithms
Develop quantum-native applications leveraging full error correction
Explore distributed quantum computing paradigms

Address quantum computing sustainability and accessibility
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8.6 Final Reflections

Final Reflection

Hybrid quantum computing stands at a fascinating inflection point. We have moved
beyond theoretical promises to practical demonstrations, yet we remain years from
transformative commercial impact. This thesis has documented both the genuine progress
and the persistent challenges of this emerging technology.

The field demands a balanced perspective: neither dismissing quantum computing
as perpetual hype nor expecting imminent revolution. The hybrid approach—leveraging the
best of classical and quantum computing—offers the most pragmatic path forward.

For students and researchers entering this field: the opportunities are immense, but
so is the need for rigorous science and honest assessment of progress. The coming decades
will be shaped by those who can bridge theory and practice, who understand both the
physics of qubits and the needs of real-world applications.

Quantum computing is not just a technology—it is a new way of thinking about
computation, information, and the physical world. This thesis is one contribution to that
larger journey.

« Key Takeaways

e

e Hybrid quantum-classical computing is essential for the NISQ era and beyond

e VQE and QAOA are the flagship algorithms; quantum ML is rapidly emerging

e Error mitigation enables practical results on current hardware

e Chemistry applications are most mature; finance and Al show promise

e Fault-tolerant quantum computing remains 10-15+ years away for production use

e Continued investment in education, research, and workforce development is critical

— End of Thesis —
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Chapter 9

Extended Paradigms and Quantonic
Innovations

Quantum Annealing, Expanded Applications, and Hardware Development

K

Learning Objectives

&

After studying this chapter, you will be able to:

1. Compare gate-based quantum computing with quantum annealing
approaches
Evaluate D-Wave systems and their appropriate use cases
Identify quantum computing applications across seven industry domains
Understand Quantonic's novel algorithmic contributions to hybrid computing
Describe the hardware development pathway from patent to production
Appreciate the design principles behind room-temperature photonic quantum
systems

SOhWN

Part I: Quantum Annealing and D-Wave Systems

While this thesis has primarily focused on gate-based quantum computing, a
complete understanding of the quantum computing landscape requires examination
of quantum annealing—an alternative paradigm that has achieved commercial
deployment through D-Wave Systems.

9.1 Fundamentals of Quantum Annealing

Quantum annealing exploits quantum mechanical effects to find the global minimum
of an objective function—a task fundamental to optimisation problems across
industries.

9.1.1 The Annealing Process

Classical simulated annealing mimics the metallurgical process of heating and slowly
cooling materials to reduce defects. Quantum annealing enhances this with quantum
tunnelling, allowing the system to pass through energy barriers rather than requiring
thermal activation to climb over them.

The process begins with qubits in a superposition state under a strong transverse
magnetic field. As the annealing schedule progresses, this field is gradually reduced
while a problem-encoding field is increased. The system evolves toward the ground
state of the problem Hamiltonian, which encodes the optimal solution.

9.1.2 Ising Model and QUBO Formulation
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Quantum annealers solve problems expressed in two mathematically equivalent
forms:

* Ising Model: H = Zihioi + Zj Jijoioj, where i € {-1, +1} are spin variables
« QUBO (Quadratic Unconstrained Binary Optimisation): f(x) = Zigixi + Zjj
Qiixixj, where x; € {0, 1}

Converting real-world problems to these formulations is both an art and a science,
requiring careful encoding of constraints and objectives into the qubit interactions.

9.2 D-Wave Systems: Commercial Quantum Annealing

D-Wave Systems, founded in 1999 in Burnaby, Canada, has pioneered commercial
guantum annealing, deploying systems with thousands of qubits to customers
including Lockheed Martin, Google, NASA, and Volkswagen.

Table 9.1: Evolution of D-Wave Quantum Annealing Systems

|__System __YearQubitsTopology _Key Advancement _

D-Wave One 2011 128 Chimera First commercial system
D-Wave 2X 2015 1,152 Chimera NASA/Google installation
D-Wave 2017 2,048 Chimera Lower noise floor

2000Q

Advantage 20205,000+ Pegasus 15-way connectivity
Advantage2  20247,000+ Zephyr 20-way connectivity

9.2.1 Gate-Based vs. Annealing: A Comparison

Table 9.2: Comparing Quantum Computing Paradigms

| ____Aspect ___ Gate-Based QC

Computation Model Universal; any algorithm Specialised; optimisation only
Qubit Count (2025) ~1,000 (IBM Condor) ~7,000+ (D-Wave Advantage?2)
Error Correction Available (logical qubits) Not applicable

Programming Circuits, gates, measurements QUBO/Ising formulation

Model

Best Applications Chemistry, ML, cryptography Scheduling, routing, sampling
Commercial Status Cloud access; no purchase  Full systems sold/leased

9.2.2 D-Wave Use Cases and Limitations
Successful D-Wave Applications:

* Traffic Optimisation: Volkswagen used D-Wave to optimise taxi routing in
Beijing, reducing congestion

* Manufacturing Scheduling: BMW optimised robotic painting schedules
across production lines

» Portfolio Optimisation: Financial institutions exploring asset allocation under
constraints

* Drug Discovery: Menten Al used D-Wave for protein design optimisation

Limitations:
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Limited connectivity requires embedding overhead, reducing effective problem
size

Cannot run general quantum algorithms (Shor's, Grover's, VQE)

Quantum speedup over classical solvers remains debated for practical
problems

Solutions are probabilistic; multiple runs required for confidence
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Beyond finance, chemistry, and machine learning, quantum computing shows
promise across numerous sectors. This section explores four additional domains
with significant near-term potential.

9.3 Materials Science and Advanced Manufacturing

Materials science stands to benefit enormously from quantum simulation, as the
properties of materials emerge from quantum mechanical interactions that are
exponentially difficult to simulate classically.

9.3.1 Battery Technology

The search for better batteries—higher energy density, faster charging, longer
lifespan—requires understanding electrode-electrolyte interfaces at the quantum
level. Companies including IBM, Mercedes-Benz, and BASF are using quantum
computing to simulate lithium-ion migration and explore solid-state battery
chemistries.

Quantonic Research Direction: Our team is developing VQE variants optimised for
periodic boundary conditions, essential for accurate simulation of crystalline battery
materials on NISQ devices.

9.3.2 Superconductor Discovery

The holy grail of materials science—room-temperature superconductors—would
revolutionise energy transmission, transportation, and computing. While recent
claims of room-temperature superconductivity remain controversial, guantum
computers offer a path to systematically explore candidate materials by accurately
modelling electron correlations that determine superconducting behaviour.

9.3.3 Catalyst Design

Industrial catalysts underpin chemical manufacturing, from fertiliser production
(Haber-Bosch process) to petroleum refining. Quantum simulation can model
transition states and reaction pathways to design more efficient, selective catalysts—
potentially reducing energy consumption in processes that account for 2-3% of
global energy use.

9.4 Cryptography and Cybersecurity

Quantum computing presents both the greatest threat and the ultimate solution to
cryptographic security.

9.4.1 The Cryptographic Threat

Shor's algorithm, running on a sufficiently powerful quantum computer, can break
RSA and elliptic curve cryptography—the foundations of internet security. While this
requires fault-tolerant quantum computers with thousands of logical qubits (likely 10-
15+ years away), the threat demands immediate action due to 'harvest now, decrypt
later' attacks on sensitive long-term data.

9.4.2 Post-Quantum Cryptography
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NIST finalised its first post-quantum cryptographic standards in 2024, selecting
algorithms based on lattice problems (CRYSTALS-Kyber, CRYSTALS-Dilithium) and
hash functions (SPHINCS+). Organisations worldwide are beginning migration to
guantum-resistant cryptography.

9.4.3 Quantum Key Distribution

Quantum Key Distribution (QKD) offers information-theoretic security based on the
laws of physics rather than computational assumptions. Australia’'s quantum
infrastructure includes the Sydney-Canberra quantum network, with expansion
planned under the National Quantum Strategy.

9.5 Logistics and Supply Chain Optimisation

Combinatorial optimisation problems pervade logistics: vehicle routing, warehouse
placement, inventory management, and delivery scheduling. These NP-hard
problems become intractable at scale for classical computers but map naturally to
both quantum annealing and gate-based approaches.

9.5.1 Vehicle Routing Problem (VRP)

The VRP—determining optimal routes for a fleet of vehicles serving multiple
customers—has been demonstrated on both D-Wave (QUBO formulation) and gate-
based systems (QAOA). While current quantum solutions don't outperform classical
heuristics for real-world problem sizes, they show promise for specific constrained
variants.

9.5.2 Port and Airport Operations

Container terminal operations, aircraft gate assignments, and runway scheduling
involve complex constraints that grow exponentially. Quantum computing pilots are
underway at major ports and airports globally, including collaborations between DHL
and quantum computing providers.

9.6 Energy and Climate

The energy transition requires optimising complex systems—power grids, renewable
integration, carbon capture—while climate science demands better models of
atmospheric chemistry.

9.6.1 Power Grid Optimisation

Integrating intermittent renewable energy sources requires real-time optimisation of
power flows across networks with millions of nodes. Quantum optimisation could
enable more efficient grid management, reducing curtailment and improving
reliability. E.ON and other utilities are actively exploring quantum approaches.

9.6.2 Carbon Capture Simulation

Designing efficient carbon capture materials requires understanding CO- binding at
the molecular level—a natural application for quantum chemistry simulation.
ExxonMobil and IBM have collaborated on quantum algorithms for carbon capture
optimisation.

9.6.3 Climate Modelling
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Atmospheric chemistry involves quantum mechanical processes (photodissociation,
radical reactions) that current climate models approximate crudely. Quantum
computers could enable more accurate simulation of these processes, improving
climate projections critical for policy decisions.

Table 9.3: Expanded Application Domain Readiness Assessment

_____Domain____Readiness Timeline Best Approach |__Key Challenge

Battery Design Medium 3-7 years Gate-based VQE Periodic systems
Catalyst Design High 2-5 years Gate-based VQE Transition states
Post-Quantum Deployed Now  Classical Migration effort
Crypto (defence)

Vehicle Routing Low 5-10 years Annealing/QAOA Scale vs. heuristics

Grid Optimisation Medium 5-10 years Hybrid QAOA Real-time
constraints
Climate Chemistry Low 10-15 Fault-tolerant System scale
years
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Quantonic Legacy Innovations has developed several algorithmic innovations
designed to address specific limitations of existing hybrid quantum approaches. This
section presents our original contributions to the field.

9.7 Adaptive Depth VQE (AD-VQE)

Standard VQE implementations use fixed-depth ansatze, requiring users to guess
appropriate circuit depths. Too shallow yields poor results; too deep increases noise
and may encounter barren plateaus.

9.7.1 The AD-VQE Algorithm

Our Adaptive Depth VQE begins with minimal circuit depth and dynamically grows
the ansatz based on gradient analysis. The algorithm monitors the variance of
parameter gradients; when variance drops below a threshold (indicating either
convergence or barren plateau onset), additional layers are added selectively to
regions of Hilbert space with remaining optimisation potential.

Key Innovation: Unlike ADAPT-VQE which grows circuits operator-by-operator, AD-
VQE grows in structured layers guided by entanglement entropy analysis,
maintaining hardware-efficient gate patterns while avoiding the exponential
measurement overhead of operator selection.

9.7.2 Performance Results

In simulations on molecular systems (H-, LiH, BeH.), AD-VQE achieved chemical
accuracy with 15-30% fewer two-qubit gates than standard hardware-efficient
ansatze, while automatically avoiding barren plateaus up to 16 qubits.

9.8 Photonic-Optimised QAOA (PO-QAOA)

Standard QAOA circuits assume all-to-all connectivity, requiring significant SWAP
overhead on limited-connectivity hardware. Our Photonic-Optimised QAOA
redesigns the mixer Hamiltonian to exploit the native connectivity patterns of
photonic quantum processors.

9.8.1 Connectivity-Aware Mixer Design

Rather than using the standard transverse-field mixer (Zi Xi), PO-QAOA employs
structured mixers that match the native entangling operations of photonic hardware.
For linear optical systems with beam splitter networks, we design mixers using
pairwise XY interactions that can be implemented without additional routing.

9.8.2 Demonstrated Improvements

On MaxCut benchmarks for 8-12 node graphs, PO-QAOA achieved equivalent
approximation ratios to standard QAOA using 40-60% fewer entangling operations,
making it particularly suitable for near-term photonic devices with limited gate
fidelities.

9.9 Hybrid Classical-Quantum Error Mitigation (HCQ-EM)
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Existing error mitigation techniques (ZNE, PEC) treat quantum circuits as black
boxes. Our Hybrid Classical-Quantum Error Mitigation leverages problem structure
to improve mitigation efficiency.

9.9.1 Structure-Aware Mitigation

For variational algorithms, HCQ-EM identifies which circuit components contribute
most to the target observable and applies heavier mitigation selectively. Classical
simulation of small subsystems provides reference points that constrain the mitigated
estimates, reducing variance without full exponential overhead.

9.9.2 Integration with AD-VQE

HCQ-EM is designed to work synergistically with AD-VQE. As circuit depth grows,
the algorithm identifies which new layers require intensive mitigation versus which
operate in lower-error regimes, optimising the trade-off between accuracy and
measurement overhead.

Table 9.4: Quantonic Novel Algorithms Summary

Innovation Improvement Target
Hardware

AD-VQE Gradient-guided depth 15-30% fewer gates All gate-based
growth

PO- Native connectivity mixers 40-60% fewer entangling  Photonic

QAOA ops systems

HCQ-EM Structure-aware mitigation 2-3x mitigation efficiency  NISQ variational
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Part IV: Quantonic Hardware Development

Quantonic Legacy Innovations is not merely a software and education company—we
are developing physical quantum computing hardware designed to democratise
access to qguantum technology for educational institutions worldwide.

I Intellectual Property Notice

The hardware architectures and implementations described in this section are
subject to pending patent applications filed by Quantonic Legacy Innovations Pty
Ltd. Technical specifications are provided for educational purposes; commercial
reproduction requires licensing. Patent Application Reference: AU 2025/XXXXXX

(pending).

9.10 The Case for Room-Temperature Photonic Quantum
Computing

Current quantum computers face a fundamental accessibility barrier:
superconducting systems require dilution refrigerators operating at 15 millikelvin,
consuming enormous power and requiring specialised facilities. This places quantum
computing beyond the reach of educational institutions.

9.10.1 Photonic Advantages
Photonic quantum computing offers unique advantages:

 Room-temperature operation: Photons maintain quantum coherence
without cryogenic cooling

* Low noise: Photons interact weakly with the environment, reducing
decoherence

* Telecommunications compatibility: Natural interface with fibre optic
networks

» Scalable manufacturing: Leverages mature silicon photonics fabrication

9.10.2 The Quantonic Approach

Quantonic's desktop quantum systems employ a hybrid photonic architecture
combining:

1. Integrated photonic circuits: Silicon nitride waveguides for low-loss photon
routing

2. Deterministic photon sources: Quantum dot single-photon emitters with
>90% indistinguishability

3. Programmable beam splitter networks: Mach-Zehnder interferometer
meshes for universal linear optics

4. High-efficiency detectors: Superconducting nanowire single-photon
detectors (SNSPDs) with >95% efficiency

9.11 Development Roadmap
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Our hardware development follows a structured pathway from patent to production:

Table 9.5: Quantonic Hardware Development Roadmap

__ Phase _Timeline ____Milestones Deliverables

1. Patent 2024- |P protection, architecture Filed patent applications,
2025 finalisation technical specifications

2. Prototype 2025- Lab demonstration, 4-8 Functional prototype,
2026 photonic qubits benchmark results

3. Pilot 2026- Partner university 5-10 pilot systems, curriculum
2027 deployments integration

4. 2027- Manufacturing scale-up, Commercial units, global

Production 2028 certification distribution

5. Scale 2028+ Enhanced systems, 16+ Next-gen platforms, research

qubits systems

9.12 Product Architecture: Quantonic EDU Series

The Quantonic EDU Series is designed specifically for educational environments,
prioritising accessibility, safety, and pedagogical value alongside quantum computing
capability.

9.12.1 System Specifications

Table 9.6: Quantonic EDU-8 Technical Specifications

Qubit Count 8 photonic qubits (dual-rail encoding)
Operating Temperature Room temperature (15-30°C)
Single-Qubit Gate >909.5% (target)

Fidelity

Two-Qubit Gate Fidelity >95% (target, probabilistic CZ)

Photon Source Rate 10 MHz single-photon generation

Form Factor Desktop unit: 60cm x 45cm x 30cm

Power Consumption <500W (standard wall outlet)

Connectivity Ethernet, USB-C, cloud integration
Software Qiskit, Cirq, PennyLane compatible; educational GUI
Target Price $75,000-150,000 AUD (educational pricing)

9.12.2 Educational Design Philosophy

The EDU Series embodies our belief that hands-on access to real quantum
hardware is essential for developing the next generation of quantum scientists and
engineers. Key design principles include:

* Transparency: Visible optical paths allow students to observe quantum
operations

* Modularity: Swappable components enable teaching of different quantum
phenomena

» Safety: Class 1 laser safety rating; no cryogenic hazards
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e Curriculum Integration: Accompanied by comprehensive teaching materials
developed with this thesis

* Research Capability: Sufficient performance for undergraduate and
postgraduate research projects

9.13 Competitive Landscape and Differentiation

The quantum computing hardware market is dominated by large enterprises (IBM,
Google, lonQ) focused on cloud access models. Quantonic addresses an
underserved market segment:

Table 9.7: Competitive Positioning

|__Factor___IBM/Google ___lonQ______ D-Wave ____Quantonic |

Access Model Cloud only Cloud only Cloud + On- On-premise
prem
Target Market  Enterprise Enterprise Enterprise Education
Infrastructure  Cryogenic ~ Vacuum/laser Cryogenic Room temp
Entry Cost $0 (limited  $0 (limited free) $10M+ $75-150K
free)
Curriculum Limited Limited Limited Comprehensive

: Chapter Summary

=

* Quantum annealing (D-Wave) offers a complementary approach to gate-
based computing, excelling at optimisation problems

* Quantum computing applications extend across materials science,
cryptography, logistics, and energy—each with distinct timelines to advantage

* Quantonic's novel algorithms (AD-VQE, PO-QAOA, HCQ-EM) address
specific NISQ limitations with measurable improvements

* Room-temperature photonic quantum computing enables educational access
without cryogenic infrastructure

» Quantonic's hardware development pathway—from patent to production—
aims to democratise quantum education globally

— End of Chapter 9 —
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Appendix A: Figures

This appendix collects all of the figures referenced throughout the thesis in the order in
which they appear in the text. Each figure is presented with a brief caption describing
its purpose and the section of the thesis where it is first introduced. The images have
been converted from the original scalable vector graphics (SVG) files into portable
network graphics (PNG) format for reliable embedding in this document.

Figure A.1 - Quantum Computing Timeline (Chapter 1, §1.3)

The evolution of quantum computing from its theoretical inception through the current
Noisy Intermediate -Scale Quantum (NISQ) era is illustrated. This timeline highlights
key milestones and provides historical context for the rest of the thesis.
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Figure A.2 — Thesis Roadmap (Chapter 1, §1.5)

The structure of this thesis is summarised in a roadmap showing the dependencies
between chapters. It serves as a navigation guide for the reader.
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Figure A.3 — Bell Circuit (Chapter 2, §2.9)

The circuit for generating a maximally entangled Bell state is shown. It
demonstrates how quantum gates are combined to create entanglement.
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Figure A.4 — Bloch Sphere (Chapter 2, §2.7)

The Bloch sphere representation of a qubit state is visualised. This geometric
depiction helps readers understand the continuous nature of qubit states.
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Figure A.5 — Quantum Circuit Notation (Chapter 2, §2.12)

A legend explaining the notation used in quantum circuit diagrams is provided. This
reference aids in reading the circuits presented in the main chapters.
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Figure A.6 — Classical Bit vs. Qubit (Chapter 2, §2.6)

A comparison between classical bits and quantum bits (qubits) is illustrated to introduce
the concept of superposition and lay the foundation for the quantum information model.
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Figure A.7 — Dilution Refrigerator (Chapter 2, §2.2)

This schematic depicts the multiple stages of a dilution refrigerator used to cool
superconducting qubits to millikelvin temperatures. It highlights the cooling system
details required for reliable qubit operation.
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Figure A.8 — Measurement and State Collapse (Chapter 2, §2.11)

This diagram illustrates the process of quantum measurement and the consequent
collapse of the qubit’s superposition to a definite classical outcome.
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Figure A.9 — Quantum Computing Power Budget (Chapter 2, §2.3)

The power distribution for a hybrid quantum system is shown. It emphasises the
energy requirements for the cryogenic, control and computational subsystems.
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Figure A.10 - Quantum Gates (Chapter 2, §2.10)

Standard single- and two-qubit quantum gates are summarised. This figure
serves as a reference for the gate operations used throughout the thesis.
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Figure A.11 - Hybrid System Infrastructure (Chapter 2, §2.1)

An overview of the complete hybrid quantum computing infrastructure is provided.
The diagram situates the quantum processor within its surrounding classical control
and cooling systems.
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Figure A.12 - Hardware Platform Comparison (Chapter 3, §3.3)

Different quantum hardware platforms are compared based on qubit technology, coherence times

and scalability. The figure facilitates a side-by-side assessment of available technologies.
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Figure A.13 - Hybrid Feedback Loop (Chapter 3, §83.2.2)

The hybrid quantum-classical feedback loop is diagrammed. It shows how classical
optimisation drives successive quantum circuit evaluations in variational algorithms.
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Figure A.14 - QAOA Circuit (Chapter 4, 84.2)

A representative circuit for the Quantum Approximate Optimisation Algorithm (QAOA)
is shown. The structure highlights alternating mixing and cost Hamiltonian layers.
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Figure A.15 - VQE Algorithm Flowchart (Chapter 4, 84.1)

The Variational Quantum Eigensolver (VQE) workflow is summarised in a flowchart. It
outlines the iterative procedure for estimating ground-state energies.
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Figure A.16 - Error Mitigation Techniques (Chapter 5, §5.2)

This figure compares several error mitigation techniques, illustrating how each
reduces the impact of noise on measured observables.
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Figure A.17 - VQE Convergence for Hz (Chapter 5, §5.3)

Convergence of the VQE algorithm for finding the ground-state energy of the hydrogen
molecule is plotted, demonstrating improvement over successive iterations.
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Figure A.18 - Application Readiness Roadmap (Chapter 6, §6.4)

The anticipated timeline for quantum advantage across various application
domains is depicted. It synthesises insights from cross-domain analysis.
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Figure A.19 - Future Industry Roadmap (Chapter 7, §7.6)

An industry roadmap projecting the path from NISQ devices to fault-tolerant
guantum computers is presented. It outlines future technological milestones and
commercialisation phases.
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