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Forewords

&

I N MODERN TECHNOLOGY, artificial i bnce (AI) has advanced from the-

oretical algorithms into practical £y that process complex multimodal

data, model natural language,qn®gvaluate high-dimensional visual inputs.
As deep learning models scale, nal silicon-based architectures face severe
physical and thermodynamicgc ts, including heat dissipation limits, inter-
connect latency, and the all. To overcome these bottlenecks, the tech-
nology industry is pursyg pYcialized solutions. While novel silicon architectures,
chiplet designs, and phg®n} computing address immediate Al scaling demands,
quantum computing is emerging in parallel to tackle fundamentally intractable
optimization and simulation problems that lie beyond classical reach.

However, bridging the gap between classical computer science and quantum in-
formation science remains a significant hurdle for engineers and researchers. The
challenge lies less in mastering abstract physics and more in translating familiar al-
gorithmic intuition into linear algebra over complex vector spaces, Hilbert spaces,
and non-intuitive principles like superposition and entanglement. Quantum Com-
puting: A Gentle Introduction for Al Engineers, written by our esteemed faculty
member Dr. Prachya Boonkwan, serves as a vital and timely bridge across this
disciplinary divide.

Dr. Boonkwan’s inspiration for this text stemmed from his own journey into
quantum computing. Recognizing that existing literature was often either mathe-
matically fragmented or lacked intuitive, code-level metaphors, he set out to build
a gentle, hands-on entry point that ensures a smoother learning curve for prospec-
tive students and practitioners.

Written specifically from the perspective of an Al practitioner, this book as-
sumes only a foundational knowledge of linear algebra, probability theory, and
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basic machine learning concepts. Meticulously organized into four parts across
sixteen chapters, it guides the reader systematically from mathematical funda-
mentals to applied quantum machine learning:

e Part I: Mathematical Foundations demystifies the essential mathemat-
ics of complex numbers, vectors, matrices, and Hilbert spaces, providing a
solid mathematical language for quantum states.

e Part II: Quantum Logic and Circuits equips readers with the practical
tools to design and simulate quantum circuits using the PennyLane Python
library, utilizing both Clifford and non-Clifford gate sets.

e Part III: Quantum Algorithms and Applications covers core quantum
algorithms such as Grover’s search, Quantum Fourier Transform (QFT),
and Quantum Phase Estimation (QPE), alongside secure communication
protocols like quantum teleportation and key distribution.

e Part IV: Quantum AI and Optimization bridges quantum computing
directly with artificial intelligence, exploring variatjgnal quantum algorithms,
Quantum Support Vector Machines (QSVNQ, @um Neural Networks
(QNN), and the Quantum Approximate Optig Algorithm (QAOA).

Is of Al engineers, empower
offer undergraduate students

This curriculum is designed to future-proof t
researchers exploring quantum-classical hydds

seeking to master quantum prine d shape the future of intelligent systems.

Assoc. Prof. Kriengsak Panuwatwanich, PhD
Director

Sirindhorn International Institute of Technology (SIIT)
Thammasat University, Thailand
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role in modern-day technology. It

works into practical systems that
ata, process natural language, analyze
from underlying patterns with deep learn-
AT engineers like us endeavor to optimize
el architectures, and leverage pretrained mod-
els in every feasible wj efalso approach the physical limits of conventional
silicon-based hardware@nwhile, a next-wave paradigm is silently maturing:
QUANTUM COMPUTING. For many working on machine learning, quantum me-
chanics is a major hindrance to technology adoption due to seemingly dense and
difficult physics equipped with complex algebra.

RTIFICIAL INTELLIGENCE plays
A has transformed from theorefg
understand complex multir
images and videos, and make pr

ing and the Transformer m
massive neural networks,

In spite of the difficulty, I eagerly accepted this challenge two years ago, and
I must admit it was quite a rough journey. First, since quantum computing is a
niche research area when compared to Al, there are much less programming-based
textbooks dedicated to the field. Second, the majority of these books assume the
readers to have some background knowledge in quantum mechanics, which seems
impenetrable in the eyes of Al engineers. Third, although online resources for
quantum computing are available and free of charge, they are scattered across
the Internet and inconsistent in terms of mathematical notations. Fourth, even
with a handful of high-quality resources, we still need to revise some mathematical
background, particularly on complex algebra, which is an extensive principle not
frequently used in standard AT applications. Fifth and finally, in spite of adequate
backgrounds, some quantum algorithms are notoriously counter-intuitive and they
lack self-explanatory metaphors. At one point I simply realized: it does not have
to be this tough for any prospective student!
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The book “Quantum Computing: A Gentle Introduction for Al Engineers” is
written specifically for the following target groups:

e Al engineers: Looking to future-proof their skill sets and understand how
quantum circuits operate compared to classical neural networks.

e Al researchers: Exploring the theoretical overlaps between quantum algo-
rithms, model interpretability, and machine learning architectures.

e Undergraduates: Transitioning into advanced computational paradigms
and seeking a clear, intuitive entry point.

I wrote this book from the perspective of an Al engineer who is somewhat
familiar with linear algebra, the probability theory, and various machine learning
techniques, and I divided it into four parts. In the first part, I will motivate the
readers with some basic ideas of quantum computing and then lay mathematical
foundations of complex numbers, vectors, and matrices as well as their metaphors.
In the second part, I will introduce two sets of quantum gates and output measure-
ment, as well as how to assemble them into a quantum algorithm implementable in
Python. In the third part, I will introduce a wide aggayj ntum algorithms and
their applications using self-explanatory metaphoalNe , in the fourth part, I
i @ field of AI, ranging from

N ation algorithms. Notwith-

will emphasize how to leverage quantum compu
support vector machines, neural networks, t,

standing, this book is limited to the field a may not cover all aspects of
quantum computing and relevant topics.

Of course, transitioning from clas antum AI may require some efforts,
but all mathematical and algorithnfic ations are definitely within your capa-
bility. I hope that this book helps tify the knowledge of quantum computing
for you, so that you can focu@/ t you do best: developing Al systems.

Per aspera ad astra

Prachya Boonkwan
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Pan Aa‘?ﬂala mundi liberdvit,
sed sp ausam tenuit in pyride.
Physica quantica autem docet
spem ipsam simul esse et vivam et mortuam.

Pandora released the evils of the World but kept hope
locked inside the box. But quantum physics teaches us
that hope itself is simultaneously alive and dead.™
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Motivation

In the modern age of artificial intelligence, computer systems become ubiquitous,
smaller, and more intelligent. We are equipped with smart phones that talk back
to us, autonomous vehicles with driving assistance capability, smart-home devices
connected throughout the house, and adaptive wearable gadgets that keep track of
our health status. Various tasks, once thought to be arduously and tediously man-
ual, become fully automated by machine learning, whereby natural intelligences
of pattern recognition are imitated from living creatures.

Despite these recent advancements, diminishing returns of classical hardware
scaling start to emerge from the ever-increasing usage of graphical processing units
(GPUs). As a rule of thumb, large-scaled models with trillions of parameters can
be trained only on high-performance computing facilities. The more GPUs we
employ, the more parameters we can accommodate and process in parallel.

However, the energy cost in this training practice significantly accrues due
to several factors. First, we bump into the issue of power wall.?! As we add
more GPUs, the performance gain gradually saturates due to the issue of thermal
ceiling in transistor-based CPU designs. Second, we en er the issue of memory
wall.B] Training a large-scaled model requires hid @dth memory for data
movement, while the growth of memory bandwid %S 110t catch up with that of

)

CPU power. Third, the communication overhe data synchronization in the
interconnects is exorbitant owing to the issu XDk bottleneck.*®! Fourth and
finally, the state-of-the-art semiconduct ionvoperates on the scale of 1.8nm-
3nm. % Electrons start to leak througjmg ation barriers from one transistor to
another via quantum tunneling, c u@rors and heat as well as limiting the
size of transistors. The cost to hgill sSfconductors is no longer decreasing, and
even worse, the cost of most n computing nodes starts to rise due to this
limitation. This issue deﬁes@r ditional Moore’s Law, where the number of
transistors on an integrated cire®it roughly doubles every two years with minimal
increase in cost. [”]

Powered by classical hardware, modern Al technology is built on three funda-
mental pillars, and all of which are reaching the point of brute force:

Representation learning: Deep neural networks learn from the dataset to trans-
form raw data into high-dimensional meaningful vector representation, a.k.a.
vector embedding. The main objective is to find a geometry in which data of
different classes is linearly separable.

Optimization problem: Current techniques for finding the optimal model pa-
rameters are the stochastic gradient descent (SGD) algorithm and its vari-
ants. Its limitation is that it is guaranteed to find a local optimum (locally
best point) that minimizes the prediction error. The global optimum is still
not guaranteed by this algorithm.

Hardware constraints: We have now hit the diminishing returns of classical
hardware scaling as aforementioned. Training Al models on high-performance
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computing facilities may not be an economically viable option due to the is-
sue of energy inefficiency.

All of the hardware constraints can be directly addressed by quantum com-
puting with superposition and entanglement. Quantum computing does not only
offer faster Al, but it is also a paradigm shift in AT altogether! It changes the way
we learn vector embeddings as wave functions and approximate the optimal model
parameters with quantum-mechanical phenomena. We will develop basic ideas of
the solution in the following sections.

5 Practice: Question 1

1.1 Classical vs. Quantum Computing

You may have heard about the hype that quantum computers are immensely faster
than classical computers. This statement is theoretically true, but we have to be
cautious of its precise definition. For example, Shor’s Algorithm can be used
to factorize an integer N in O(L?log L) time cogaglexity instead of the classical
O(L? x 2%), where L = log N.!®¥ This maley @ode decryption,® which is
based on a pair of two large prime numbers S in polynomial time.

Before we take a deep dive to the rea antum computing, it is custom-
ary to discern quantum computers fro a0 dern-day ones. The term classical
computing refers to deterministic in at®n Processing in the von Neumann ar-
chitecture. 19 Hungarian—Ameri@ atMematician John von Neumann proposed

this architecture as the foundé#fi the EDVAC computer in 1945. As illus-
trated in Figure 1.1, a single §at m is entered from the input device, loaded to
the memory, fetched to ssed by the central processing unit (CPU), and
passed to the output d@

CENTRAL PROCESSING UNIT

INPUT CONTROL OUTPUT
DEVICES UNIT DEVICES

MEMORY

Figure 1.1: von Neumann architecture of classical computers

To speed up this computing sequence, we employ multiple CPU cores to process
multiple data items at the same time. This technique is called parallelism. If we
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compute 2V data items with M CPU cores, the time complexity is O(2V /M),
which is exponential. This makes classical computing not linearly scalable.

On the other hand, the term quantum computing refers to probabilistic infor-
mation processing via the quantum phenomena of superposition, entanglement,
and interference. As illustrated in Figure 1.2, multiple classical data items are
transformed into a superposition of states, manipulated right in the memory with
interference in quantum logic gates, and back-transformed into a classical output
by statistical sampling (a.k.a measurement), destroying the original quantum state
in the process. If there is a structure of data items, they are represented as an
entanglement of states. If one of them is measured, the remaining entangled states
will also collapse to their corresponding outputs at the same time, although they
are astronomically far from each other. Frequently, the entanglement is compared
to a data representation that allows information to flow in a quantum program.

QUANTUM CIRCUIT

UNITARY .

OPERAT( e

INPUT
DEVICES
MEASUREMENT

Figure 1.2: von Neumann-styled architecture of quantum computers

With superposition and entanglement, we can speed up some classical algo-
rithms with an exponential time complexity to a linear one. This technique is
called quantum parallelism. Each quantum bit, or qubit, is a data representation
for probability amplitudes of 0 and 1, respectively. 2"V data items can be stored
in only log, 2V = N quantum bits. Then, a system manipulates the probability
distribution of all solution candidates with interference. This differs from classi-
cal parallelism, in which each solution candidate is independently computed on a
finite number of computing cores. In this regard, processing these data items via
quantum parallelism is equivalent to manipulating only N qubits in the memory,
making quantum computing linear scalable despite an exponential input size.

45 Practice: Question 2
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