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Abstract

This undergraduate thesis explores the foundations and applications of quantum computing,
starting with an overview of key concepts like qubits, superposition, and entanglement, and their
role in quantum algorithms such as Shor’s algorithm. The document highlights the potential
of quantum computers, which can perform tasks beyond the capabilities of classical systems,
despite challenges like qubit scaling, noise reduction, and coherence time. The thesis focuses on
quantum walks, a quantum analog of classical random walks, and their application in quantum
networks. It presents the development of a distributed quantum walk control plane, analyzing
two approaches, linear and logarithmic, for encoding strategies and resource management. The
research contributes to practical advancements in quantum network control and offers a foundation
for future exploration of quantum internet architectures.
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1 Introduction

Quantum computing emerged from the idea of building a machine capable of simulating complex
quantum systems, a concept proposed by physicist Richard Feynman and mathematician Yuri Manin.
The challenge with simulating quantum systems on classical computers is that the computational effort
increases exponentially with the size of the system, making it impractical for any significantly large
problems. In addition to this focus, research in quantum algorithms has also achieved notable success.
It has discovered algorithms with better complexity than classical ones being proposed, such as Shor’s
algorithm for number factorization.

Quantum computing is also an exciting field of study, offering a wide range of unexplored possi-
bilities, which makes it both intriguing and promising. Currently, companies like Google and IBM
have developed functional quantum machines that highlight the importance of this technology. These
machines are capable of performing computations that are inaccessible to classical computers due to
their distinct physical properties.

Some of the main challenges in advancing quantum computers include increasing the number of
qubits (the basic unit of memory in quantum computing), reducing noise, and extending coherence
time (the duration of quantum phenomena needed to execute an algorithm).

This undergraduate thesis explores the application of quantum walks in quantum networks, building
upon foundational principles of quantum computing, quantum information, and quantum communi-
cation. The document begins with an introduction to quantum computing, covering key concepts
such as qubits, superposition, and entanglement, as well as their applications in quantum algorithms
and information processing. Quantum walks, the quantum analog of classical random walks, are then
presented as powerful algorithmic tools for achieving quantum speedups and implementing distributed
quantum operations.

The research focuses on the development of a distributed quantum walk control plane for quan-
tum networks, addressing practical challenges in encoding, resource allocation, and operational effi-
ciency. Two distinct approaches, linear and logarithmic, are presented and analyzed for their encoding
strategies, resource trade-offs, and scalability. The study contributes to advancing the practical imple-
mentation of quantum walk protocols in quantum network control, laying the groundwork for further
explorations into quantum internet architectures and applications.

Part of the code produced during the research can be found in the project repository. Additionally,
we have a project website with more information and presentations.


https://github.com/decoNR/Bepe-University-of-Massachusetts
https://interscity.org/quantum-internet/
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Important Concepts

This section describes some important concepts which will be needed to understand the content of
this undergraduate thesis. You may read the concepts as they appear on this document.

2.1

Linear Algebra

Hilbert space: A Hilbert space is a mathematical concept that extends the idea of Euclidean
space to infinite dimensions. It is an inner product space, meaning it comes equipped with an
inner product, which allows for the definition of norms. The space is also complete, meaning
that any Cauchy sequence of vectors within the space converges to a point within the space.
This property of completeness ensures that Hilbert spaces are well-suited for analysis, especially
in quantum mechanics, where they provide the framework for representing quantum states and
operators. The inner product in a Hilbert space allows for the measurement of orthogonality,
projection, and distance, making it a foundational tool in functional analysis, quantum theory,
and many other areas of mathematics and physics.

(¥||4) : Notation for a inner product between ¢ and ¢.
|1} |¢) : Notation for a tensor product between ¢ and ¢.
Normal operator: An operator A on V is normal if ATA = AAT.

Unitary operator: An operator U is called unitary if it satisfies the condition: UtU = UUT = I,
where Ut is the conjugate transpose of U, and I is the identity matrix. Unitary operators have
several important properties: They are normal, meaning they are diagonalizable with respect to
an orthonormal basis. The eigenvectors of a unitary operator associated with different eigenvalues
are orthogonal, and each eigenvalue has unit modulus, meaning it has the form e** , where «
is a real number. Unitary operators preserve the inner product: for any vectors |vi) and |ve),
(Uv1|Uvg) = (v1]vz). As aresult, the action of a unitary operator on a vector preserves its norm,
ensuring that the vector’s length remains unchanged.A complex square matrix U is unitary if
its columns form an orthonormal set. Unitary evolution is fundamental in quantum mechanics,
as unitary operators describe the evolution of closed quantum systems, maintaining consistent
probabilities over time.

Hermitian operator: An operator A on V is Hermitian or self-adjoint if AT = A.

Positive operator: A positive operator A is defined to be an operator such that for any vector
[v), (Jv), Av)) is a real, non-negative number. If (Jv), A|v)) is strictly greater than zero for
all |v) # 0 then we say that A is positive definite. Any positive operator is automatically
Hermitian, and therefore by the spectral decomposition has diagonal representation ), A; |¢) (i,
with non-negative eigenvalues \; . [2]

Wavefunction: On the quantum computing field, a wavefunction is a function that the x axis
corresponds to the basis states and the y axis corresponds to the quantum amplitude of the state.

Orthogonal Projector: An operator P on V is an orthogonal projector if P> = P and P = P.
3]

With high probability (WHP): In mathematics, an event that occurs with high probability is one

whose probability depends on a certain number n and goes to 1 as n goes to infinity.

Matrix rank: In linear algebra, the rank of a matrix A is the dimension of the vector space
generated (or spanned) by its columns. This corresponds to the maximal number of linearly
independent columns of A.



2.2

Quantum Computation and Quantum Information

Superposition: In quantum mechanics, superposition refers to the ability of a quantum system
to exist in multiple states simultaneously. A quantum particle, such as an electron, can be in a
combination of different states until it is measured, at which point it collapses into one definite
state. Superposition is a non intuitive fundamental principle that enables the unique behavior
of quantum systems.

Entanglement: In quantum mechanics, entanglement is a phenomenon where two or more par-
ticles become linked in such a way that the state of one particle instantly influences the state of
the other(s), no matter how far apart they are. This correlation persists even when the particles
are separated by large distances. Entanglement is a key feature of quantum mechanics, enabling
phenomena such as quantum teleportation and playing a crucial role in quantum computing and

cryptography.

Phase (relative): In quantum computing, phase refers to the angle that describes the position of
a qubit’s state in relation to a reference point. When a qubit is in superposition (a combination
of both 0 and 1), its state has a magnitude (how much it is in 0 or 1) and a phase (which affects
how the states interact). Phases are important because they influence the interference between
quantum states, which can change the probability of measuring certain outcomes. The relative
phase between states is critical for how quantum algorithms work and how qubits interact.

Global phase: In quantum computing, the global phase refers to an overall phase factor applied to
a quantum state that does not affect measurement outcomes. A quantum state is typically repre-
sented as a vector, and multiplying the entire state by a complex number of unit magnitude (e.g.,
¢'?) introduces a global phase. This phase has no observable consequences, as quantum measure-
ments are only sensitive to relative phases between components of a superposition. Therefore,
global phase usually can be ignored in practical computations and is considered irrelevant to the
behavior or outcomes of a quantum system.

Measurement: Quantum measurements are described by a collection M, of measurement op-
erators. These are operators acting on the state space of the system being measured. The
index m refers to the measurement outcomes that may occur in the experiment. If the state
of the quantum system is [¢) immediately before the measurement then the probability that

result m occurs is given by p(m) = (¢| Mf, M,, |1)) and the state of the system after the mea-
M |9)

V@M Mo |y

S M} M,, = I . The completeness equation expresses the fact that probabilities sum to one:

1— > p(m) = £ (] MJ, My 1) - [2

m

surement is The measurement operators satisfy the completeness equation,

Projective measurement: A projective measurement is described by an observable, M , a Her-
mitian operator on the state space of the system being observed. The observable has a spectral
decomposition, Y mP,, , where P, is the projector onto the eigenspace of M with eigenvalue m.

m
The possible outcomes of the measurement correspond to the eigenvalues, m, of the observable.
Upon measuring the state |¢), the probability of getting result m is given by p(m) = (¢| Py, |¢)
.Given that outcome m occurred, the state of the quantum system immediately after the mea-
. Pnlt) - i -
surement is —2=L. The average value of the observable M is often written (M) = M |).|2
ald) g (M) = (] M |16).[2

Quantum Error Correction: Quantum error correction is a set of techniques designed to protect
quantum information from errors due to decoherence, noise, or other quantum disturbances. In
quantum systems, qubits are fragile and susceptible to errors from their environment, which can
lead to loss of information. Quantum error correction encodes logical qubits into entangled states
of multiple physical qubits, allowing for the detection and correction of errors without directly
measuring and collapsing the quantum state. It is a critical component in making quantum com-
puters reliable and scalable for long computations, ensuring the integrity of quantum information
over time.



e Pure or mixed state: On a Bloch sphere, pure states are represented by a point on the surface
of the sphere, whereas mixed states are represented by an interior point. The completely mixed
state of a single qubit is represented by the center of the sphere, by symmetry. The purity of a
state can be visualized as the degree in which it is close to the surface of the sphere. In quantum
mechanics, the state of a quantum system is represented by a state vector (or ket) |¥) . A
quantum system with a state vector |¥) is called a pure state. However, it is also possible for
a system to be in a statistical ensemble of different state vectors: For example, there may be
a 50% probability that the state vector is |¥;) and a 50% chance that the state vector is |¥s).
This system would be in a mixed state. The density matrix is especially useful for mixed states,
because any state, pure or mixed, can be characterized by a single density matrix.

e Density matrix: A density matrix, often denoted as p, is a mathematical representation used
to describe the state of a quantum system, whether pure or mixed. For a pure state |¥), the
density matrix is given by p = |¥) (¥|. This matrix is Hermitian, positive semi-definite, and
has a trace of 1. In contrast, for a mixed state, the density matrix is a weighted sum of pure
states, representing a statistical ensemble of quantum states. Mathematically, for a system with
N possible pure states |¥;), each with probability p;, the density matrix is:

N N
p=> pi|;) (Wi, where > p;i=1.
i=1 i=1

The density matrix is particularly useful in quantum mechanics as it provides a complete de-
scription of the system’s state, including information about coherence and probabilities. For
pure states, Tr(p?) = 1, whereas for mixed states, Tr(p?) < 1. This property can be used to
distinguish between pure and mixed states. Density matrices are essential in quantum informa-
tion theory and quantum computation, enabling calculations for entanglement, decoherence, and
state evolution.

e Trace (Tr()): The trace of a matrix, denoted as Tr(A), is the sum of the elements on its main
diagonal. For a square matrix A of dimension n X n, it is defined as:

where A;; are the diagonal elements of A. In quantum mechanics, the trace plays a key role,
especially for density matrices. The trace of the density matrix p is always 1, ensuring the total
probability of all quantum states equals 1 and the trace of the square of the density matrix,
Tr(p?), indicates whether the state is pure or mixed.

e Partial trace: It can be calculated as the > 5 (0| pa ® pp |¢B) = pa @D 5 (dBlps|Ps). In a
more clarified way tra(Lap) = 22;(ilalapli)a = (0[0)(0]0)([1)(0]) 5 + (1]0)(1[1) (10){0) 5
= (I1){0D5 -

e Fidelity: A second measure of distance between quantum states is the fidelity. The fidelity is
not a metric on density operators, but we will see that it does give rise to a useful metric. This
section reviews the definition and basic properties of the fidelity. The fidelity of states p and o is

defined to be F(p,0) = tr4/ p%ap%. Fidelity does satisfy many of the same properties as the trace
distance. For example, it is invariant under unitary transformations: F(UpUT,UcUT) = F(p, o).
The fidelity between a pure state |1)) and an arbitrary state p is (¢] p [¢).[2]

e Quantum circuit depth: The depth of a circuit is a metric that calculates the longest path
between the data input and the output. Each gate counts as a unit.



3 Introduction to Quantum Computing

Quantum computing represents a transformative approach to computation, fundamentally different
from classical computing. At its core, quantum computing leverages principles of quantum mechanics,
such as superposition, entanglement, and interference, to process information in ways that classical
computers cannot. This approach opens up new possibilities for solving complex problems in fields like
cryptography, material science, and artificial intelligence. This section introduces the foundational con-
cepts of quantum computing, beginning with the qubit and extending to the mathematical framework
that describes quantum states and operations. Through an exploration of quantum gates and their
applications, we lay the groundwork for understanding how quantum algorithms can achieve expo-
nential speedups over their classical counterparts, demonstrating the remarkable potential of quantum
computing.

3.1 Qubit

A qubit (quantum bit) is the fundamental unit of memory in a quantum computer, and unlike
classical bits, which are limited to being in a state of either 0 or 1, a qubit can exist in a superposition
of both 0 and 1 simultaneously. This unique property is a consequence of quantum mechanics, which
allows qubits to represent not just one of two discrete states, but an infinite number of possibilities
between 0 and 1.

In more technical terms, a qubit’s state is described as a quantum superposition, where it can be in
a combination of both 0 and 1, weighted by complex numbers called probability amplitudes. However,
this superposition exists only until the qubit is measured. Upon measurement, the qubit collapses to
a definite state, either 0 or 1, with probabilities determined by its probability amplitudes before the
measurement.

The power of quantum computing lies in the ability to leverage these superposition states without
directly measuring them. Through quantum algorithms, it’s possible to manipulate and process data
while qubits remain in superposition, exploring multiple possible solutions simultaneously. This par-
allelism can provide a significant computational advantage over classical computers, in problems such
as factoring large numbers or simulating quantum systems.

Moreover, qubits also exhibit another quantum property called entanglement, where the state of
one qubit is intrinsically linked to the state of another, regardless of the distance between them. This
further enhances the computational potential of quantum systems, enabling qubits to work together
in ways that classical bits cannot, exponentially increasing the power of quantum computations.

3.2 Mathematical model

Studying quantum computing requires a understanding of linear algebra, as it forms the mathemat-
ical foundation for describing quantum systems. I will briefly cover the key concepts. Every quantum
system can be represented as a vector in a Hilbert space. A qubit, the fundamental unit of information
in a quantum computer, can be represented as a two-dimensional vector, and the operations, or quan-
tum gates, that act on this qubit are represented by unitary matrices. Unitary matrices preserve the
norm of the vector, ensuring the system’s total probability remains 1.The state of a qubit is expressed
as:

) = al0) +b]1)

where |0) and |1) are basis vectors, defined as (1,0) and (0,1) respectively. These basis states corre-
spond to the classical bit values 0 and 1. The complex numbers a and b are the probability amplitudes.
The squared magnitudes, |a|? and |b|?, represent the probabilities of the qubit collapsing to the state 0
or 1, respectively, upon measurement. For these probabilities to make physical sense, the normalization
condition must be satisfied:

la?| + |b?| =1

This ensures that the sum of probabilities for all possible outcomes equals 1.

When we move beyond a single qubit, the dimensionality of the system increases exponentially. A
system of two qubits is represented by a four-dimensional vector, and in general, a system of n qubits
is described by a vector in a 2"™-dimensional space. This exponential growth in dimensionality one
thing which gives quantum computers advantage when compared to classical computers.



A common and intuitive way to visualize the state of a single qubit is through the Bloch sphere.
The Bloch sphere represents the qubit as a point on the surface of a three-dimensional sphere, where
the angles of the point correspond to the probability amplitudes and the global phase of the qubit. The
global phase, while often not directly measurable, plays a crucial role in the evolution of the quantum
System.
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Figure 1: Bloch Sphere - source.

In addition to these representations, understanding quantum systems requires grasping the proba-
bilistic nature of quantum mechanics. The outcomes of quantum measurements are not deterministic
but are governed by probability distributions, dictated by the amplitudes of the quantum state vector.
This probabilistic behavior, though counterintuitive from a classical perspective, is a key aspect of
quantum computing and forms the basis for algorithms that can outperform their classical counter-
parts.

3.3 Quantum Gates

In a quantum circuit, gates play a crucial role in manipulating the quantum information that passes
through them. Unlike classical gates, which operate on bits, quantum gates operate on qubits and
are represented mathematically by unitary matrices. These matrices are square, meaning that a gate
acting on a single qubit is represented by a 2 x 2 matrix, while a gate acting on two qubits is represented
by a 4 x 4 matrix. The unitary nature of these matrices ensures that the operations are reversible, a
key property of quantum computations.

Quantum gates are the building blocks of quantum algorithms, and understanding how they func-
tion is essential for constructing and analyzing quantum circuits. Below are some important quantum
gates commonly used in quantum computations:

The Hadamard gate creates a superposition of quantum states, transforming a qubit from a definite
state (either |0) or |1)) into an equal probability superposition of both states. This gate is crucial for
many quantum algorithms, such as Grover’s search algorithm and Shor’s factoring algorithm. Its

matrix representation is:
1 /1 1
=500

The Pauli-X gate, also known as the quantum NOT gate, flips the state of a qubit. If the qubit is
in the state |0), the X gate transforms it to |1), and vice versa. Its matrix representation is:

()

The CNOT (Controlled-Not) gate is a two-qubit gate that operates conditionally. Considering two
quibits, control and target, it flips the state of the target qubit if and only if the control qubit is in the
state |1). The CNOT gate plays a fundamental role in quantum entanglement and error correction.
Its matrix representation for two qubits is:


https://www.researchgate.net/figure/The-Bloch-sphere-representation-of-a-qubit-state-The-north-pole-is-the-ground-state-0_fig1_335845744

10 0 0
01 00
CNOT = 000 1
0 010

The Toffoli gate is a three-qubit gate, also known as the controlled-controlled-X gate. It flips the
state of the third qubit (the target) if and only if the first two qubits (the control qubits) are both
in the state |1). This gate is essential for implementing reversible classical logic and can be used for
quantum error correction.

CCX =

[N elNolNoNel )
[l eBell Y =R
S OoOOoO R OOO
[N eNeil e NN Nl
O OO O OO
_— o0 OO0 oo oo
—_— O oo o oo

SO OO O OO

0 00 0

The phase gate adds a phase factor to the quantum state without changing the probabilities of
measuring the qubit in |0) or |1). Its matrix representation is:

()

The T gate is a phase gate that applies a phase shift of T to the state |1). It is an important
component for creating universal quantum gates and can be represented as:

1 0
T= (0 eiz>

Quantum gates provide the essential operations needed to construct quantum circuits and perform
quantum algorithms. Each gate manipulates the quantum state of one or more qubits in specific ways,
and understanding these transformations is fundamental to working with quantum information. Below
are examples of operations using some of the quantum gates introduced, along with the resulting states
of the qubits:

Consider a single qubit initially in the state |0). Applying the Hadamard gate H to this qubit

creates a superposition state:

1

—(|0) + |1

7310 +11)

This operation transforms the qubit from a definite state |0) to an equal superposition of |0) and
[1), a foundational step in quantum algorithms that require exploring multiple states simultaneously.

Suppose a qubit is in the state |0). Applying the Pauli-X gate, which acts as a quantum version of
the classical NOT gate, flips the qubit’s state:

H0) =

X0) = 11)
Similarly, if the qubit were initially in the state |1), the Pauli-X gate would transform it back to |0):
X 1) =0)

Consider two qubits in the state |0) ® |0) = |00). First, we apply the Hadamard gate to the first
qubit, resulting in the state:

1 S
V2 V2

Then, applying the CNOT gate with the first qubit as the control and the second qubit as the
target gives:

(H @ 1)100) = —=(]0) + [1)) @ [0) = —=(|00) + [10))



1 1
5100} + |1o>>) -

This operation creates an entangled state, a key resource for quantum communication and compu-
tation.

Now consider three qubits in the state |110). Applying the Toffoli gate (CCX) to this state, with
the first two qubits as controls and the third as the target, flips the state of the third qubit because
both control qubits are in the state |1):

CNOT( (100) + |11))

CCX [110) = |111)

If either of the control qubits were |0), the third qubit would remain unchanged, illustrating the
conditional nature of the Toffoli gate.
Finally, consider a qubit in the state |1). Applying the Phase gate S to this qubit adds a phase
factor of i to the |1) state:
S =i|1)

Similarly, applying the T gate to |1) introduces a phase shift of :
T[1) =e'% 1)

These phase shifts are critical for creating complex interference patterns in quantum algorithms
and are essential components in constructing universal quantum circuits.

Through the application of these gates, we observe how quantum operations differ significantly from
classical logic gates. Quantum gates enable a variety of powerful transformations, including superpo-
sition, entanglement, and phase manipulation. Understanding and applying these gates allows for
the construction of sophisticated quantum algorithms that leverage the unique properties of quantum
mechanics to perform computations beyond the capabilities of classical systems.



4 Quantum Algorithms

Quantum algorithms are computational processes designed to harness the unique properties of
quantum mechanics to solve certain problems more efficiently than classical algorithms.

One of the primary goals in developing quantum algorithms is to identify processes that can be
executed with a polynomial number of quantum gates. In quantum computing, gates are the operations
that manipulate qubits and thus form the steps of an algorithm. Algorithms requiring a polynomial
number of gates are desirable because they remain efficient as problem sizes grow, ensuring that the
quantum resources needed stay manageable.

By focusing on algorithms that require polynomial resources, researchers aim to make practical
quantum computing a reality, enabling breakthroughs in fields such as cryptography, optimization, and
materials science. In this section I will present some fundamentals and important quantum algorithms.
Some of this content was based on learning provided by the IBM quantum material and qiskit.org

4.1 Deutsch’s algorithm

Deutsch’s algorithm is one of the earliest and simplest quantum algorithms, showcasing how quan-
tum computing can solve certain types of problems more efficiently than classical computing. The
problem it addresses is a simple example that demonstrates the power of quantum parallelism.

Imagine a black-box function, f(z), that takes a single binary input x (either 0 or 1) and returns
either 0 or 1. So, f(x) has two possible inputs (0 and 1) and two possible outputs (0 or 1). There are
four possible types of functions f(x):

1. f(0) =0 and f(1) = 0 (constant function returning 0 for both inputs)

(

2. f(0)=1and f(1
(
(

1 (constant function returning 1 for both inputs)

(
(
(
(

3. f(0)=0and f(1 1 (balanced function returning different values for each input)

)
)
)
4. f(0) =1 and f(1) =0 (also a balanced function)

The goal is to determine whether f(x) is constant (both outputs are the same) or balanced (outputs
are different).

Classically, we would need to check both inputs of f(x) (i.e., f(0) and f(1)) to determine if it is
constant or balanced. This requires two function evaluations.

Quantumly, however, Deutsch’s algorithm allows us to determine if f(z) is constant or balanced
with just one evaluation of f(z). This efficiency comes from the ability of a qubit to exist in a
superposition, allowing us to evaluate both inputs simultaneously. Below is how it works.

1. We start with two qubits:

e The first qubit, in state |0), will hold the input to the function f(z).

e The second qubit, in state [1), is used to store the result of the function evaluation.

So, our initial state is:
|tho) = 10) ® |1) = 10,1)

2. Next, we apply the Hadamard gate to both qubits. The Hadamard gate creates a superposition
state by transforming:

e [0) to 5(10) + 1))

o [1) to 55(0) — [1))

After applying Hadamard gates to both qubits, our state becomes:

) = 5(10) + 1)) @ (10) - 1)

This sets up the first qubit in a superposition of inputs 0 and 1, allowing us to evaluate both
cases simultaneously.

10



3. Now, we apply the "oracle” or function gate, which encodes f(z) into the second qubit. This
operation, called the quantum oracle, flips the second qubit’s sign based on the value of f(x)
without collapsing the state:

[Y2) = 5 (100 @ (J0© £(0)) = [1® f(0))) + ) @ (0@ fF(1)) = [1® f(1))))

1

2

4. Next, we apply a Hadamard gate to the first qubit again. This final Hadamard gate transforms
the state in such a way that, if f(x) is constant, the first qubit will return to |0); if f(z) is
balanced, it will end up in |1).

After applying this Hadamard gate, we measure the first qubit:

e If the measurement outcome is 0, f(x) is constant.

o If the measurement outcome is 1, f(z) is balanced.

The magic of Deutsch’s algorithm lies in the ability of the quantum oracle and superposition to use
interference (through the Hadamard gates) to reveal whether f(x) is constant or balanced with just
one evaluation. This is impossible in classical computing, where we would need at least two evaluations
to determine the nature of f(x).

Figure 2 presents the quantum circuit associated with Deutsch’s algorithm.

to i to ty

1y

Uy

10)

Figure 2: Deutsch’s algorithm circuit - source.

4.2 Deutsch-Jozsa algorithm

The Deutsch-Jozsa algorithm is an extension of Deutsch’s algorithm. It deals with a specific type
of function. Suppose we have a function f : {0,1}™ — {0, 1}, meaning it takes an n-bit binary string as
input and outputs either 0 or 1. The function f(z), again, can be of two types: constant or balanced.
In this case balanced means that the function outputs 0 for half of the inputs and 1 for the other half.
Constant has the same meaning as before.

The goal is to determine if f(z) is constant or balanced. Classically, we would need to evaluate
f(x) up to 2"~ + 1 times in the worst case to be certain, because we’d need to check enough inputs
to ensure that it’s not alternating between 0s and 1s.

In contrast, the Deutsch-Jozsa algorithm can determine whether f(x) is constant or balanced with
just one evaluation of the function, demonstrating an exponential speedup over classical approaches.
Below is how it works

1. We start with n + 1 qubits. The first n qubits represent the input to the function f(x), and the
last qubit will help with the evaluation:

e Set the first n qubits to |0).
e Set the last qubit to |1).

So our initial state is:
o) = 0)*" @ |1)

11


https://www.researchgate.net/figure/Graphical-representation-of-the-quantum-circuit-for-the-Deutsch-algorithm_fig5_381574807

2. Apply the Hadamard gate to each of the n + 1 qubits. The Hadamard gate puts each qubit into
a superposition, so we end up with all possible inputs (for the first n qubits) in superposition
simultaneously. This transforms the state to:

1 A= 1
[91) = NeT ;:; |z) ® ﬁ(\@ 1)

The first n qubits are now in a superposition of all possible inputs, while the last qubit is in a
superposition that allows it to act as a phase kickback in the next step.

3. Apply the Oracle (Quantum Function): Now we use a quantum oracle that applies the function
f(z) to the superposition state. The oracle is a black-box function that, for each input z, flips
the phase of the state if f(z) = 1, but does nothing if f(x) = 0. This modifies our state to:

LN @ e Lo
|12) \/Q—na;)( 1) |>®\@(|0> 1))

Here, (—1)7®) introduces a phase factor based on the value of f(z), changing the amplitude of
each input state in a way that allows us to determine whether f(x) is constant or balanced.

4. Apply the Hadamard gate again to the first n qubits, transforming our state once more. This
step is crucial, as it amplifies the amplitudes in a way that depends on whether f(z) is constant
or balanced. After this transformation, the state will collapse into one of two distinct results
based on the type of f(z).

5. Finally, we measure the first n qubits:

e If the measurement outcome is |0)*”, f(z) is constant.

e If the measurement outcome is anything other than |0)®", f(z) is balanced.

The Deutsch-Jozsa algorithm exploits quantum parallelism and interference. By putting the input
qubits in a superposition, we can evaluate f(x) for all possible inputs at once. The phase kickback
and interference through the Hadamard gates allow us to detect whether the function outputs are the
same (constant) or balanced across the inputs, without needing multiple evaluations.

Figure 3 depicts the quantum circuit associated with Deutsch-Jozsa algorithm.

4.3 Simon’s algorithm

Simon’s algorithm is one of the foundational quantum algorithms, demonstrating an exponential
speedup over classical algorithms for a specific type of problem. It was a precursor to Shor’s algorithm
and is significant because it proved that quantum computing could solve certain problems exponentially
faster than classical computing.

In Simon’s problem, we are given a black-box function f : {0,1}™ — {0,1}" with the promise that
there exists a secret string s € {0,1}" such that:

o If f(z) = f(y), then x Dy = s.

This means that f(z) is 2-to-1: each output is produced by exactly two distinct inputs, and the
difference (XOR) between these two inputs is the secret string s. The goal of Simon’s algorithm is to
determine the value of s.

Classically, solving Simon’s problem requires O(2"/?) evaluations of f(z) to find s with high prob-
ability. In contrast, Simon’s algorithm can find s using only O(n) queries to f(z) by taking advantage
of quantum parallelism and interference.

1. Start with 2n qubits, where the first n qubits represent the input x and the second n qubits will
store the output of f(z). Initialize all qubits to |0):

[bo) = 10)*"
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Figure 3: Deutsch Jozsa’s algorithm circuit - source.

. Apply Hadamard gates to the first n qubits, putting them into a superposition of all possible

inputs. The state becomes:
27 —1

1) = \/Q—HZW ®[0)®

. Next, apply the oracle for f(x), which maps |z) ® |0) to |x) ® |f(x)). After the oracle query, the

state becomes:
on_1

|1h2) = Z lz) @ | f (@

Since f(x) is 2-to-1, pairs of inputs differ by the secret string s and map to the same output.
The result is an entangled state where knowing one z value gives a relationship to the other.

. Measure the second n qubits. This collapses the state, and we are left with a superposition of
the first register that includes only those z-values satisfying x @ y = s. This reduces our state
to:

|vps) = —= (|33> +lz®s))

g

for some random z.

. Apply Hadamard gates to the first n qubits. This transforms each |x) and |z & s) component,
giving us a new state where we can measure information about s:

[tha) = Z (I2) + (=1)*%2))

\/27

The measurement yields a bitstring z that satisfies z-s =0 mod 2, giving us information about
the secret string s.

. Repeat the process n times to get n linearly independent equations for s. Solve this system of
linear equations to determine s.
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This provides an exponential speedup, requiring only O(n) evaluations instead of O(2"/?).
Simon’s algorithm was one of the first to demonstrate an exponential quantum speedup. It show-
cases how quantum algorithms can solve specific types of problems faster than classical algorithms by
leveraging superposition and interference. The principles used in Simon’s algorithm laid the ground-
work for more complex algorithms, such as Shor’s algorithm for factoring.
Figure 4 represents the quantum circuit associated with Simon’s algorithm.
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Figure 4: Simon’s algorithm circuit - source.

4.4 Grover’s algorithm

Grover’s algorithm is a quantum search algorithm that provides a quadratic speedup over classical
search algorithms. It is used to search an unsorted database or solve search problems, where the goal
is to locate a specific "marked” item among N possible entries. While a classical search requires O(N)
operations to find the item in the worst case, Grover’s algorithm can find it in O(v/N) operations.

The problem assumes a black-box function (oracle) f(z) defined as:

1 if z is the marked item,
o=t 52
0 otherwise.

The oracle function identifies the marked item by returning 1 for the correct input x = ¢ and 0
otherwise. The goal is to find zy using as few queries to the oracle as possible.

Grover’s algorithm is optimal for problems where the marked item needs to be located within an

unstructured search space, making it useful for various applications in cryptography, optimization, and
more.

1. Begin with n qubits in the |0) state. Apply a Hadamard gate to each qubit to create an equal
superposition of all possible states:

;N
o) = —= D |z)
P
where N = 2", the total number of possible states for n qubits.
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2. Apply the oracle to flip the phase of the marked item. The oracle changes the amplitude of the
target state |zo) by introducing a phase of -1. The state after the oracle application becomes:

1 1
= — T)— —|x
J,#xo
This marks the target item by shifting its amplitude, setting it up for amplification in the next
steps.

3. Apply the Grover diffusion operator, which increases the amplitude of the marked state while
decreasing the amplitudes of the other states. This operator consists of three steps:

e Apply a Hadamard transform to all qubits.
e Perform a phase flip on the |0) state (invert the amplitudes about the average).

e Apply the Hadamard transform to all qubits again.

After the amplitude amplification step, the state evolves closer to the target state. The diffusion
operator is represented by:

D =2 |vg) (0| — 1

4. Repeat the oracle and diffusion steps approximately O(v/N) times. Each iteration increases the
amplitude of the marked state and decreases the amplitudes of the unmarked states, converging
on the solution.

5. After performing the oracle and amplitude amplification steps O(v/N) times, measure the qubits.
With high probability, the result will be the marked item xg.

The oracle marks the target state by inverting its phase, and the diffusion operator amplifies the
amplitude of the marked state by rotating it closer to the target. By iterating these steps O(\/]V )
times, Grover’s algorithm amplifies the target state’s amplitude, making it significantly more likely to
be observed upon measurement.

Grover’s algorithm illustrates the power of quantum computing for search problems. By reducing
the search complexity from O(N) to O(v/N), it provides a quadratic speedup over classical methods.
Although it is not an exponential improvement, this quadratic speedup is highly valuable for large
search spaces and has potential applications in cryptography, database searching, and optimization.

10) —
10) —

D [

o) - 1

Figure 5: Grover’s algorithm cirucuit - source.

For an easier understanding, Grover’s algorithm has a geometric interpretation, which provides
insight into why it efficiently locates the marked item. The algorithm’s core process—phase inversion
and amplitude amplification—can be visualized as a sequence of rotations in a multi-dimensional space.

Imagine that the quantum state space is represented by a vector space where each possible basis
state (each possible value of z in the search space) corresponds to a unique axis in the space. In this
space, we can define two important vectors:

o (|zo)): This vector represents the quantum state corresponding to the marked item, which we
want to identify.
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e (|s)): This vector represents an equal probability amplitude over all possible states, constructed
as:

;N
) = —7= ) |z)
P
where N = 2", the total number of possible states for n qubits.

The initial state of the algorithm, after applying Hadamard gates to all qubits, is |s), a uniform
superposition over all possible items.

We can think of |s) as forming an angle with |zo) (the solution state). Since |s) is an equal
superposition of all possible states, it can be decomposed into two components:

e A component along the direction of |zg).
e A component perpendicular to |z¢) (we can call this the "non-solution” space).

Let |w) represent the direction orthogonal to |zg), which spans all states except the marked state.
Thus, we can decompose |s) as:
|s) = alao) + B |w)

where a and S are real coefficients representing the projection of |s) onto |xg) and |w), respectively.
Grover’s algorithm uses two main operations that act as rotations in this vector space:

1. The oracle marks the solution state by flipping the phase of |xg), effectively rotating |s) through
the angle between |s) and |zg). This is equivalent to reflecting |s) across the hyperplane orthog-
onal to |zg).

2. The Grover diffusion operator acts as a reflection about |s). This reflection moves the vector
closer to |zg) by effectively doubling the amplitude of the marked state (the component of |s) in
the |z¢) direction).

Each application of the oracle and diffusion operators constitutes one “Grover iteration.” These
two reflections, applied in sequence, effectively rotate the state vector by a fixed angle closer to |xg)
in each iteration.

The rotation angle per Grover iteration is approximately:

6 = 2 arcsin (\/lﬁ)

This angle depends on the size of the search space, N, and determines how quickly the algorithm
converges to the solution state. To maximize the probability of measuring the marked state |xq),
Grover’s algorithm requires approximately:

k:%%ﬁ

iterations, or applications of the oracle and diffusion operators, to rotate the state vector as close as
possible to |zg). The figure 6 makes it more tangible.

After O(V/N) iterations, the state vector will be very close to |zg), and a measurement of the
state will yield the marked item with high probability. This geometric interpretation highlights why
Grover’s algorithm is optimal for unstructured search: each iteration moves the state vector closer to
the target solution, and the quadratic speedup comes from the number of rotations required to reach
the solution state, which scales as V'N.

4.5 Shor’s algorithm

Shor’s algorithm is a quantum algorithm that efficiently finds the prime factors of a large integer
N, solving the integer factorization problem. This problem is crucial because the security of many
classical cryptographic systems, such as RSA, relies on the difficulty of factoring large integers. Shor’s
algorithm achieves exponential speedup over the best-known classical algorithms, making it a key
example of quantum computing’s potential.

Given a large integer N, Shor’s algorithm aims to find a nontrivial factor of N. The algorithm
relies on the following insight from number theory:
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Figure 6: Grover’s algorithm geometric intuition - source.

e For a random integer a (where 1 < a < N), if a and N are coprime, then there exists a smallest

positive integer r (called the order) such that:

a"=1 (mod N)

e If r is even, then with high probability, the factors of N are given by the greatest common divisor

of N with /2 — 1 and a"/2 + 1.

Thus, finding the period r allows us to factor V. Classically, finding r» would require exponential
time, but quantum computing can efficiently determine r using a technique called the Quantum Fourier
Transform (QFT). Following are the algorithm steps.

1.
2.

Choose a random integer a where 1 < a < N and ged(a, N) = 1.

The main quantum component of Shor’s algorithm is finding the period r of the function f(x) =
a® mod N. To find r, we set up a quantum state that represents this function.

Initialize two quantum registers:

e The first register holds an equal superposition of all possible values of z (from 0 to some
2™ — 1), created using Hadamard gates.

e The second register starts in the |0) state and will store the values f(z) = a® mod N.

The initial state after applying Hadamard gates to the first register is:

=
[v0) = NeD ;) lz) ® |0)

xT

Using a quantum circuit, apply the function f(z) = a® mod N to entangle the first register with

the output in the second register:
=

i) = /g 2 Ja) @)

This state encodes periodicity information related to the order r.

To extract the period r, we apply the Quantum Fourier Transform to the first register. The QFT
transforms a superposition of states into a frequency space that reveals periodic patterns.
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Quantum Fourier Transform (QFT)

The Quantum Fourier Transform is the quantum analog of the discrete Fourier transform (DFT)
and is essential for finding periodicity in quantum algorithms. For a state |z) = Z,iv:_ol xy k),
the QFT is defined as:

1 N-1 _
QFT(|z)) = Wi > N )
y=0

where N = 2™ for an n-qubit system.

In Shor’s algorithm, the QFT allows us to move from a superposition over the computational
basis to one where the periodicity of f(z) = a® mod N becomes measurable.

The QFT circuit consists of Hadamard gates and controlled phase rotations, with the following
steps for an n-qubit register:

(a) Apply a Hadamard gate to the first qubit.

(b) Apply controlled phase rotations between each qubit, such that each subsequent qubit has
a phase shift based on the values of the previous qubits.

(c) Repeat this process for each qubit, applying decreasing rotations as the circuit progresses.

(d) Finally, perform a "swap” operation to reverse the order of the qubits.

The QFT transforms the state so that measuring it will reveal information about the period r
in the frequency domain.

6. After applying the QFT, measure the first register. The result will likely yield an integer k that
is related to the period r by:

k%l
r

for some integer j. Using continued fractions, we can compute r from k with high probability.

7. Once r is found, check if it is even. Then compute the factors of N as ged(a’/? — 1, N) and
ged(a”/? 4+ 1, N). If these values yield nontrivial factors, the algorithm is complete. Otherwise,
repeat the process with a new random a.

Shor’s algorithm leverages the quantum superposition and the Quantum Fourier Transform to
efficiently find the period r, a task that is exponentially hard on classical computers. By encoding the
periodicity of f(z) = a® mod N in a quantum state and using the QFT to extract this periodicity,
Shor’s algorithm allows us to find factors of N with only polynomial quantum resources.

Shor’s algorithm demonstrates the power of quantum computing for number-theoretic problems,
achieving an exponential speedup in factoring large numbers. The algorithm combines classical number
theory, modular exponentiation, and the Quantum Fourier Transform, which plays a central role in
revealing periodicity. This algorithm has substantial implications for cryptography, as it provides an
efficient means of breaking widely-used cryptographic systems like RSA.

Figure 7 presents the associated quantum circuit.
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Figure 7: Shor’s algorithm circuit - source.

5 Introduction to Quantum Information

The vision behind developing a quantum internet is to enable new technologies through quantum
communication between any two points on the planet. Significant applications of quantum communica-
tion have already been identified, including secure communication, clock synchronization, secure user
identification, exponential savings in communication, and secure access to remote quantum computers
via the cloud.

Quantum computing operates under principles that differ substantially from classical computing,
as proposed by Alan Turing. Quantum communication utilizes the laws of quantum physics to protect
and transmit information. This can be done through the transfer of a quantum state (entangled or
otherwise), the creation of an entangled state, or the use of a pre-established entangled state.

However, achieving quantum communication at scale presents several challenges: the difficulty
of creating and maintaining quantum states, the challenge of transmitting qubits, and the need for
integrating quantum systems with classical systems. [4]

Before delving deeper, it is essential to understand Bell states. Also known as EPR pairs or
maximally entangled states, Bell states are four specific quantum states of two qubits, named after
physicist John S. Bell, who discovered them in 1964. Bell states are critical in quantum information
and communication because they are maximally entangled, meaning their states cannot be described
independently. When one qubit in a Bell state pair is measured, the state of the other qubit is
instantly determined, regardless of the distance between them. Bell states have applications in quantum
teleportation, quantum key distribution, and other quantum communication protocols.

The four Bell states are:

Ty [00)411)
o
[©7) = =4~
Uty = [01)+[10)

|01>\£§‘10>
|\I] >: V2

A fundamental protocol in this field is quantum teleportation, which allows for the exact transfer
of a qubit’s quantum state to another qubit, essential because a qubit’s state cannot be cloned. This
protocol reflects a security advantage: quantum information cannot be copied or verified mid-process,
making it inherently secure. Additionally, the entanglement property enables rapid and efficient com-
munication, as it implies a correlation that is independent of the distance between the entangled
particles. Figure 8 presents the associated circuit.

Another interesting exercise is the CHSH game (Clauser-Horne-Shimony-Holt), a game involving
two players, Alice and Bob, who can communicate beforehand. Once the game begins, each player
receives a random bit (0 or 1) from a referee and must return one of two possible values. Without further
communication, they win if the exclusive OR of their outputs equals the logical AND of their inputs.
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Figure 8: Quantum teleportation cirucuit - source.

Classical strategies allow them to win 75% of the time on average, but by using entangled qubits, they
can increase their success rate, demonstrating a clear advantage of quantum communication.

Next, I will explain two critical protocols in the field of quantum communication and the quantum
internet, entanglement swapping and quantum key distribution (QKD).

5.1 Entanglement Swapping

Entanglement Swapping is a quantum communication protocol that enables two distant parties
to share entanglement without any direct interaction between them. This protocol is fundamental
for building quantum communication networks and creating long-distance entanglement across large
distances, which is essential for secure quantum communication. Here’s a detailed explanation of the
process:

First, it involves two pairs of entangled qubits. We label these pairs as:

e Pair AB, where qubits A and B are entangled.
e Pair CD, where qubits C and D are entangled.

Initially, the entangled pairs are in the following state:

1
19F) 45 @19 ) op = §(|OO>AB +[11) 45) ® (100)cp + [11) )

1. The qubits from each pair are separated and sent to different locations: - Qubit A is sent to
Alice. - Qubit D is sent to Bob. - Qubits B and C are sent to an intermediate station, often
referred to as a "measurement node.”

2. At the measurement node, a joint measurement is performed on qubits B and C to project
them into one of the four possible Bell states. This measurement entangles the qubits at the
measurement node and collapses them into a known entangled state. The four possible Bell
states for qubits B and C' are:

+y _ [00)+[11)

oo

o+ = \01??\10)

W) = |01)\?\10>
V2

3. When qubits B and C' are measured in a Bell state, this measurement ”swaps” the entanglement.
This means that qubits A and D, which were previously unentangled, are now entangled with
each other. The measurement on B and C' projects the state of A and D into an entangled state.
Importantly, this occurs without any direct interaction between qubits A and D.

4. After the measurement, qubits A and D are in one of the four possible Bell states, depending
on the outcome of the measurement on qubits B and C. The specific entangled state of A and
D can be determined based on the measurement result at the measurement node. Alice and
Bob can then use this shared entanglement for further quantum communication tasks, such as
quantum teleportation or quantum key distribution (QKD).
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Entanglement Swapping has critical implications for quantum communication networks because
it allows entanglement to be established over long distances without the need for a direct quantum
link between the communicating parties. Instead of relying on a single quantum channel connecting
Alice and Bob, entanglement swapping enables the creation of long-distance entanglement through
intermediate nodes, which can be chained together to create a quantum repeater network.

By implementing entanglement swapping at multiple nodes, a “quantum repeater” architecture can
be created, where entanglement is extended across increasingly larger distances. This process is cru-
cial for overcoming the distance limitations of direct quantum communication, as qubits transmitted
over long distances (e.g., via optical fiber or free-space optical links) are prone to errors and decoher-
ence. Through entanglement swapping, secure quantum communication can be maintained across vast
distances with high fidelity, providing a foundation for a global quantum internet.
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Figure 9: Entanglement Swapping Protocol - source.

5.2 Quantum Key Distribution

Quantum Key Distribution (QKD) is a quantum cryptographic protocol that enables two parties to
securely share an encryption key, making it impossible for a third party to intercept without detection.
QKD relies on the principles of quantum mechanics to generate cryptographic keys that are intrinsically
secure, as any attempt to eavesdrop on the key would disturb the quantum states and be immediately
detectable.

QKD involves two main participants, commonly called Alice (the sender) and Bob (the receiver).
They share a quantum channel (such as optical fiber or free-space optical links) for the transmission
of qubits and a classical communication channel for error correction and verification. The basic idea
is to use the properties of quantum mechanics to generate a shared, random key between Alice and
Bob that can be used to encrypt and decrypt messages securely.

The most widely known implementation of QKD is the BB84 protocol, developed by Charles
Bennett and Gilles Brassard in 1984. The steps of this protocol are as follows:

1. Alice prepares a sequence of qubits, each randomly polarized in one of two bases:

e The rectilinear basis (0° and 90°) where |0) and |1) represent the two states.

e The diagonal basis (45° and 135°) where |+) and |—) represent the two states.

Alice randomly chooses the basis and polarization for each qubit and sends the sequence of qubits
to Bob over the quantum channel.

2. Upon receiving the qubits, Bob measures each qubit in a randomly chosen basis (either rectilinear
or diagonal). Due to the principles of quantum mechanics, if Bob chooses the correct basis
(matching Alice’s choice), he will measure the correct state. If he chooses the wrong basis, he
will measure a random result.

3. After all qubits have been transmitted and measured, Alice and Bob communicate over the
classical channel to disclose the bases they used for each qubit. They do not reveal the actual
measurement outcomes, only the choice of basis. They discard any measurements where they
used different bases and retain only the results where their bases matched.

4. To ensure that no eavesdropping has occurred, Alice and Bob compare a subset of their remaining
bits (the ones with matching bases) to check for errors. If the error rate is within an acceptable
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range (indicating that eavesdropping is unlikely), they proceed with the key generation process.
Otherwise, they discard the key and restart the protocol.

5. After correcting for any detected errors, Alice and Bob perform a privacy amplification process
to further secure the key. This step reduces any partial information an eavesdropper might have
obtained by compressing the shared key, ensuring that only Alice and Bob have a secure and
private encryption key.

The security of QKD is guaranteed by the laws of quantum mechanics, particularly the no-cloning
theorem and the disturbance caused by measurement. The no-cloning theorem states that it is im-
possible to create an identical copy of an unknown quantum state. Therefore, an eavesdropper (Eve)
cannot intercept and reproduce the qubits without introducing detectable disturbances.

Furthermore, if Eve tries to measure the qubits in transit, she will introduce errors due to the
random choice of measurement bases by Alice and Bob. This disturbance will reveal her presence, as
the error rate in the transmitted key will increase. By comparing a subset of their key bits, Alice and
Bob can detect any anomalies that indicate eavesdropping.

QKD has important applications in secure communications, especially in sectors requiring high
levels of confidentiality, such as government communications, financial transactions, and military op-
erations. By enabling the secure sharing of encryption keys, QKD provides a foundation for secure
communication in a world where classical encryption could potentially be broken by quantum com-
puters.

- Alice Boh _
Message Public {insecure) channel Message

% Encoder Encoded message —> Decoder H@
Cuantum key distnbution channel U
: Random sceret key —>»

Figure 10: Quantum Key Distribution (QKD) Protocol. Alice sends a sequence of qubits to Bob, who
measures them. They then compare their measurement bases over a classical channel to generate a
secure, shared encryption key - source.

5.3 Quantum Internet

A quantum internet is a network designed to enable the secure and efficient transmission of quantum
information, allowing for quantum communication and computing on a global scale. Unlike the classical
internet, which transmits bits, a quantum internet transmits qubits, the fundamental units of quantum
information. Establishing a quantum internet involves overcoming significant challenges and requires
three essential components: a physical medium for qubit transmission, methods to extend transmission
distances, and quantum processors connected to the network to process quantum information.

A functional quantum internet requires three main elements:

1. Physical Connection for Qubit Transmission: Qubits can be transmitted through various chan-
nels, including optical fibers and free-space optical communication. Optical fiber, commonly used
in conventional telecommunications, can transmit qubits over short to medium distances, but
standard fibers are inadequate for quantum communication over long distances due to high error
rates and decoherence. To address this, researchers have developed specialized optical fibers, such
as photonic crystal fibers, designed to minimize decoherence and better support qubit transmis-
sion. However, even with these advancements, error rates increase quadratically with distance
in optical fibers, making long-distance transmission challenging.

Free-space optical communication, which uses lasers to transmit information through open air,
is an alternative to fiber optics. This approach has been used to establish quantum communica-
tion links between ground stations and satellites in orbit, enabling much longer distances than
achievable with fiber optics. While promising, free-space optical communication requires precise
alignment and is subject to environmental disturbances, such as atmospheric conditions.
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2. Quantum Repeaters for Extended Distances: In both fiber-optic and free-space systems, extend-
ing transmission distances within a quantum network requires quantum repeaters. Quantum re-
peaters are specialized devices that amplify and maintain quantum signals, effectively increasing
the range of quantum communication. Each quantum repeater consists of various components,
including information processors, entanglement generation mechanisms, and storage for qubits.
The primary challenge for quantum repeaters is to preserve the fragile quantum information
during signal amplification, which is accomplished using quantum error correction protocols to
maintain the integrity of the transmitted qubits.

Quantum repeaters create entanglement between distant nodes in the network by linking shorter
segments of entangled qubits, a process known as entanglement swapping. This allows for the
extension of quantum communication over vast distances, making long-distance secure quantum
communication feasible.

3. Quantum Processors for Information Processing: The final element of a quantum internet is the
quantum processors connected to the network, which handle and process quantum information.
Quantum processors act as nodes in the quantum network, receiving, manipulating, and trans-
mitting quantum data. They play a crucial role in performing quantum operations required for
tasks like quantum key distribution (QKD), entanglement generation, and quantum error cor-
rection. Quantum processors are essential for the execution of distributed quantum algorithms,
enabling applications that rely on shared quantum resources.

The purpose of a quantum internet is not to replace classical communication but to complement it.
A quantum internet would enable applications that are impossible to achieve with classical networks
alone, offering enhanced security and efficiency for specific types of data transmission and compu-
tational tasks. The integration of quantum and classical networks allows for hybrid systems where
quantum communication protocols, such as QKD, secure classical channels or provide computational
advantages. [4]

The development of a quantum internet holds promise for a range of applications, including;:

e Secure Communication: Quantum networks enable ultra-secure communication methods resis-
tant to eavesdropping, as the principles of quantum mechanics prevent undetected interception.

e Distributed Quantum Computing: A quantum internet would allow remote access to quantum
computers, enabling distributed quantum computing where complex computations can be per-
formed across multiple quantum processors.

e Enhanced Computational Protocols: Quantum entanglement and superposition in a quantum
internet enable computational protocols, such as quantum teleportation and entanglement swap-
ping, for efficient communication and resource sharing.

In summary, a quantum internet would represent a paradigm shift in secure communication and
computational power, enabling breakthroughs in fields that require advanced information security, dis-
tributed quantum computing, and new computational techniques. By combining quantum and classical
systems, the quantum internet would open new frontiers in secure and efficient global communication.

As in all quantum field, quantum internet does suffer with noise. Following are some important
types of noise which are studied in this area. Those provide an enormous challenge for making the
technology possible. Also it makes the mathematical model more complex.

e Bit flip: The bit flip channel flips the state of a qubit from |0) to |1) (and vice versa) with
probability 1 — p. On the Bloch sphere representation you can see that the states on the & axis
are left alone, while the y — Z plane is uniformly contracted by a factor of 1 — 2p.

e Phase flip: The phase flip channel has operation elements Ey = \/p I, By = /1 —p Z. On the
Bloch sphere, the states on the Z axis are left alone, while the & — ¢ plane is uniformly contracted
by a factor of 1 — 2p.

e Bit-phase flip: The bit-phase flip channel has operation elements Ey = \/p [,Eqg = \/1-p Y,
where Y =1XZ. On the Bloch sphere, the states on the g axis are left alone, while the z — 2
plane is uniformly contracted by a factor of 1 — 2p.
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e Depolarizing channel: The depolarizing channel is an important type of quantum noise. Imagine
we take a single qubit, and with probability p that qubit is depolarized. That is, it is replaced by
the completely mixed state, I/2. With probability 1 — p the qubit is left untouched. The state
of the quantum system after this noise is e(p) = % + (1 — p)p. On the Bloch sphere, the entire
sphere contracts uniformly as a function of p. [2]

e Amplitude damping: In this case, the E; operation changes a |1) state into a |0) state, corre-
sponding to the physical process of losing a quantum of energy to the environment. Ej leaves |0)
unchanged, but reduces the amplitude of a |1) state; physically, this happens because a quantum
of energy was not lost to the environment, and thus the environment now perceives it to be more
likely that the system is in the |0) state, rather than the |1) state. On the Bloch sphere, the
entire sphere shrinks towards the north pole, the |0) state. [2]

e Phase damping: A noise process that is uniquely quantum mechanical, which describes the loss of
quantum information without loss of energy, is phase damping. A very simple model for this kind
of quantum noise is the following. Suppose that we have a qubit |[¢)) = a|0) 4+ b|1) upon which
the rotation operation Rz(f) is applied, where the angle of rotation € is random. The random
phase kicking causes the expected value of the off-diagonal elements of the density matrix to
decay exponentially to zero with time. That is a characteristic result of phase damping. [2]
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6 Introduction to Quantum Walks

Quantum walks are a powerful algorithmic tool in quantum computing. They have proven to be
universal for quantum computing [8] and have provided quantum speed-ups in a myriad of applications.
Despite all their generality and properties, quantum walks are simple. In particular, discrete-time
coined quantum walks are described by the product of two operators, known as the coin and shift
operators, which are sufficient to implement arbitrary quantum algorithms.

They are the quantum analog of classical random walks but, unlike them, which are probabilistic
and rely on flipping a coin to determine the next position, quantum walks are inherently different due
to the principles of quantum superposition and entanglement. This results in a richer, more complex
behavior that can be useful in achieving quantum algorithms.

6.1 One Dimensional Discrete Time Random Walks

A one dimensional discrete time random walk is a simple yet powerful model that describes the
path of a "walker” moving along a line. At each discrete time step, the walker makes a move to the
left or right, depending on a random event, such as the outcome of a coin flip. This stochastic process
is widely used in physics, economics, computer science, and many other fields to model systems that
evolve over time under randomness.

In a one dimensional discrete time random walk, we define the following:

e Let X; denote the position of the walker at time t.
e The initial position Xy = 0 is usually set to the origin.

e At each time step ¢, the walker moves either one unit to the left or one unit to the right, based
on a probabilistic rule.

The movement rule is simple:
e With probability p = 5, the walker moves one step to the right, increasing its position by 1.

1
27
e With probability ¢ = %, the walker moves one step to the left, decreasing its position by 1.

We can describe the position of the walker after ¢ steps as:
t
Xi = Xo + Z Si
i=1

where S; represents the i-th step, with S; = +1 for a step to the right and S; = —1 for a step to the
left. Since each step is independent and equally likely, S; is a random variable with an expectation
E[S;] = 0 and variance Var(S;) = 1.

I=I 1+2
@ ey @ o
1+2

Figure 11: One Dimensional Discrete Time Random Walk with start position equal to zero.

Below is an example of a one dimensional discrete time random walk over five steps. Starting at
Xo =0, suppose we flip a fair coin to determine each step:

e Step 1: The coin lands on heads, so the walker moves right. X; = Xg+ 1= 1.

e Step 2: The coin lands on tails, so the walker moves left. Xo = X; —1=0.
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e Step 3: The coin lands on heads, so the walker moves right. X3 = Xo +1 = 1.
e Step 4: The coin lands on heads again, so the walker moves right. X, = X5+ 1= 2.
e Step 5: The coin lands on tails, so the walker moves left. X5 =X, —1=1.

After five steps, the walker’s final position is X5 = 1.

For a large number of steps, the probability distribution of the walker’s position X; tends to follow
a normal (Gaussian) distribution centered around the initial position, with a variance that increases
with time. Specifically, after ¢ steps, the expected value of X; is zero:

E[X,]=0

and the variance is given by:
Var(X;) =t

Thus, the standard deviation of the position after ¢ steps is v/t. This implies that the probability of
finding the walker at a specific position spreads out over time, following a bell curve centered at the
origin.

The probability P(X; = k) that the walker is at position k after ¢ steps can be calculated using the
binomial distribution. Since each step has an equal chance of being to the left or right, we can express
this probability as:

t thk t—k
P(Xt:k):(t-‘rk))p 2 q 2
2

where ( ede ) is the binomial coefficient, and # and % must be integers. This formula gives the
2
exact probability distribution for the position of the walker at each step.

010

T T T
—80 —60

Figure 12: Probability Distribution of a One Dimensional Discrete Time Random Walk with start
position equal to zero.[3]

For an easier understanding, consider a walker starting at position Xy = 0 and taking four steps.
The possible positions after four steps are Xy = —4,—2,0,2, and 4. The probabilities for each position
can be calculated as follows:

¢ PO =0 = () ()=

* PG == () (3) =1 =

-
o
Ll

¢ PXi=0)=()(H)' =% =

oW
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¢ P(Xy=-2)=(H (1) =

N

4
16
4y (1\4 1

o P(Xu=-4)=(y) (3) =1
These probabilities give us a discrete probability distribution for the position of the walker after
four steps. For large ¢, this distribution approaches a normal distribution with mean 0 and variance t.

Nl s |4 |3 |2 o1 2|3 |4]s:
0 1
1 L

! 2 2
. 1 1 1
2 1 2 1
; T 3 3 i
: 8 8 8 8
; T I 3 I T

16 1 8 1 16
S L 5 5 5 5 T
o | 33 32 16 16 32 32

Figure 13: Intuition on the probability distribution of a one dimensional discrete time random walk
with start position equal to zero.[3]

6.2 Quantum Walks

Quantum walks exist in both discrete-time and continuous-time variants. Here, we focus on the
discrete-time quantum walk, starting with the one-dimensional case and then extending to multi-
dimensional quantum walks.

In a one-dimensional quantum walk, a ”walker”, represented by a quantum state, moves along a
line of discrete positions based on a quantum ”coin” flip. This quantum coin introduces a superposition
of states, allowing the walker quantum state to represent multiple positions simultaneously, unlike in
a classical random walk.

The state of the walker in a one-dimensional quantum walk consists of:

e Position state |z): Represents the position of the walker along the line, where x is an integer.

e Coin state |c): Represents the direction of the walk, with |0) indicating a move to the left and
|1) indicating a move to the right.

The combined state of the walker at a given time ¢ is represented as a superposition of coin and
position states:

() =Y (ax(t) [0) ® |2) + Ba(t) 1) ® |)

x

where «a,(t) and B, (t) are complex amplitudes associated with each position and coin state.
On the evolution of a quantum walk, two main operators govern the evolution of the quantum
walk:

e Coin operator (C): The coin operator acts on the coin state, creating a superposition of directions.
A common choice for this operator is the Hadamard operator H:

()

When applied to the coin state, H creates an equal superposition of moving left and right.

e Shift operator (S): The shift operator acts on both the coin and position states, moving the
walker to the left or right based on the coin state. The shift operator S is defined as:

5(10) @ z)) =10) @z = 1), S(|1) @ [z)) = |1) ® & +1)
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This means that a |0) on the coin space indicates that the ”walker” should move decrease his
position. Similarly, a |1) on the coin space makes the ”walker” position increase by one after
a shift operation. Because of that, we can think that each combined quantum state (coin and
position) represents an arc on a directed graph where the nodes are the possible positions and
the arcs represent the allowed directions. Figure 14 shows that ideia.

10> 1-3) 10> 1-2> (02 1-15 (07105 10> 115 10> 12>
[1>1-25 (1> 1-1) [1> 10 (1> 11 [1>12> [1> 13>

Figure 14: One dimensional discrete time quantum walk representation.

The evolution of the quantum walk over one time step is given by:

Y+ 1)) =S5-(CI) (1)

where I is the identity operator on the position space. The identity operator is the one which does
not change the state.

Consider an example of a one dimensional discrete time quantum walk where the walker starts at
position z = 0 with the initial state:

!
V2

After applying the Hadamard coin operator and the shift operator for a single time step, the state
evolves as:

|%(0)) (10) + 1)) @ 10)

(1) = % (10) @ [-1) + 1) @ 1))

At t = 2, another application of the coin and shift operators results in a superposition state with the
walker having non-zero amplitudes at multiple positions, illustrating the parallel nature of quantum
walks.

To determine the position of the walker in a quantum walk, we rely on the quantum mechanical
principle of measurement. The quantum state of the walker after ¢ = 2 time steps is a superposition
of multiple position states, each with a complex amplitude. These amplitudes encode the probabilities
of finding the walker at a specific position when measured.

As stated before, after ¢ steps, the quantum state of the walker is represented as:

V() =D (@ (t)]0) ® 2) + Bu(t) 1) © |2))

x
e |z) represents the position of the walker.

e «a,(t) and B,(t) are the complex amplitudes corresponding to the two coin states |0) (move left)
and |1) (move right) at position x.

To find the walker’s position, we measure the state |1(¢)). The probability P(z) of finding the
walker at position z is given by the sum of the squared magnitudes of the amplitudes associated with
both coin states at that position:

P(x) = |ag(t)]* + 8 ()]

This ensures that the probability of finding the walker at any position is determined by the total
amplitude contribution from both possible directions.
For instance, if the state of the walker at ¢t = 2 is:

w2y =108 -2+ 200+ 20+ e
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then the probabilities of finding the walker at each position are:

\/52

1
i Ty PO

1
8

1 ‘ 1

The sum of probabilities over all positions equals 1, ensuring consistency with the probabilistic inter-
pretation of quantum mechanics.

When the quantum state is measured, the walker collapses to a specific position x with a probability
P(z). This collapse is non-deterministic, meaning the exact position cannot be predicted beforehand,
but the probabilities reflect the likelihood of each outcome. The interference effects inherent in quantum
walks lead to a probability distribution that is typically more spread out and skewed compared to
classical random walks, enabling faster exploration of the state space. We usually say that it has a
balistic behavior as the probaility of encountering the walker further from the initial position is higher
than the probability to find it closer to the initial position.

This measurement process highlights the probabilistic and non-deterministic nature of quantum
mechanics, which is central to understanding and utilizing quantum walks in algorithms and simula-
tions.

T
¢ -5 — 4 —3 -2 —1 0 1 2 3 4 5
0 1
1 1
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Figure 15: Initial steps of a one dimensional quantum walk using hadamard coin and initial position
|0) ® 10).[3]

Moving to multi-dimensional quantum walks, the walker moves in a space with multiple dimensions
(e.g., a two-dimensional grid). Each dimension has its own coin state, allowing the walker to explore
more complex spaces. These walks are particularly useful in problems involving graphs and spatial
structures, such as image processing and quantum search algorithms on networks.

For a two-dimensional quantum walk, the position state is given by |z, y), where z and y represent
the coordinates on a grid. The coin state now has four possible outcomes, as it must determine
movement in both the z- and y-directions. A typical choice is to use a 4-dimensional coin operator,

such as:
1 1 1

-1 1 -1
1 -1 -1
-1 -1 1

1
¢=3

[ e T

The shift operator S acts based on the coin state, moving the walker along the grid. For example:
S(10) @z, y)) = [0) @[z +1,y)  (right)
SN @lz,y) =) @z —1,y)  (left)
S(12) @z, y)) = 2) @ fz,y +1)  (up)
S(13) @z, y)) = [3) @ [,y — 1) (down)

Consider a walker initially located at (z,y) = (0,0) with an equal superposition over the four
possible coin states:

[¥(0)) = %(I0> +11) +12) +13)) ©10,0)
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Figure 16: Probability distribution of a one dimensional quantum walk using hadamard coin and initial
position |0) ® |0).[3]

After applying the coin and shift operators, the state at ¢ = 1 evolves to:
1
[¥(1) =35 (10) @[1,0) + 1) ®[~1,0) +[2) ©10,1) +[3) ©]0, 1))

After multiple steps, the walker’s state becomes a complex superposition over various positions, and
the resulting probability distribution shows multiple peaks due to interference effects, enabling efficient
exploration of the grid.

In higher-dimensional quantum walks, the principles remain the same: each dimension has an
associated coin state, and the shift operator moves the walker in each direction based on the coin
state. These higher-dimensional walks are useful in applications such as quantum search algorithms
on complex networks and in simulating quantum dynamics on large graphs.

To conclude, quantum walks have applications in various quantum algorithms and protocols. Some
key examples include:

e Quantum Network Protocols: Quantum walks enable information routing and entanglement
distribution across quantum networks.

e Graph Algorithms: Quantum walks offer faster solutions to problems on graphs, such as graph
traversal and element distinctness.[3]

6.3 Spatial Search Using Quantum Walks

Spatial search using quantum walks is an algorithm designed to find a marked location on a graph
[3]. This method utilizes the properties of quantum walks to achieve a quadratic speedup over classical
algorithms, similar to Grover’s algorithm in unsorted databases. The key idea is to harness the
interference and superposition of quantum walks to efficiently locate the target.

Consider a graph G = (V, E), where V is the set of vertices, F is the set of edges, and |V| = N.
The goal is to find a marked vertex m € V| starting from an initial uniform superposition over all

vertices: )
o) = Vo Z |v) .

veV

The spatial search algorithm using quantum walks is structured as follows:
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Quantum Walk Operators: The algorithm relies on two unitary operators: the coin operator C
and the shift operator S. The coin operator acts on the internal degree of freedom (coin space)
of the walker, while the shift operator moves the walker on the graph based on the coin state.

Marking the Target: To focus the quantum walk on the marked vertex m, a phase flip operation
is applied to the marked vertex:
Up=1-2|m)(m|.

This operator inverts the phase of the marked vertex, analogous to the oracle in Grover’s search
algorithm.

Evolution operator: The evolution of the quantum walk is governed by a combined operator:
U=S5-(C®I).
After applying U,,, the state evolves iteratively under the influence of U.

Amplitude Amplification: As the quantum walk progresses, the amplitude of the marked vertex
increases due to constructive interference, while the amplitude of other vertices decreases due to
destructive interference.

Measurement: After O(v/ N) iterations, the quantum state is highly concentrated on the marked
vertex. A measurement in the computational basis collapses the state, revealing the marked
vertex with high probability.

The spatial search algorithm benefits from the ballistic behavior of quantum walks, where the

probability distribution is more spread out compared to classical random walks. This property enables
faster exploration of the graph and more efficient localization of the marked vertex.

Additionally, the success probability depends on the structure of the graph. For regular graphs,

such as hypercubes and complete graphs, the algorithm performs optimally. For irregular graphs, the
performance can vary based on connectivity and symmetry.

Spatial search algorithms using quantum walks have broad applications, including:

Searching for specific nodes in a network or database.
Solving graph traversal problems in quantum computing.

Applications in quantum simulation and optimization problems.
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7 Distributed Quantum Walk Control Plane for Quantum Net-
works

The primary outcome of this project is the research paper included at the end of this document
[9]. To provide a better understanding and context for the paper, I will introduce its main ideas here.

This project focuses on exploring quantum walks within the framework of quantum networks. Pre-
vious studies have demonstrated that quantum walks can be employed to control distributed quantum
operations across network nodes, provided these nodes have access to ideal quantum gates and mem-
ories [7]. Our work builds upon this foundation by extending the initial formulation to include a more
practical and physical implementation of the control plane [8].

What follows is an introduction to the protocol outlined in the paper, as well as an explanation of
the contributions we made to complement the original formulation.

7.1 Quantum Walks Utility in this scenario

The protocol employs a quantum walk as a quantum control signal to execute distributed quan-
tum operations. We generalize the discrete-time coined quantum walk model, which incorporates the
interaction between a quantum walker system in the network graph with quantum registers inside the
network nodes. The protocol abstracts hardware implementation and the transmission of quantum
information through channels. The propagation of the walker system across the network represents
the transmission of the control signal, while the application of coin operators integrates interactions
between the control layer and the quantum registers. [7].

7.2 Mathematical Background

Consider a directed graph G = (V, E) obtained from a non-directed graph by introducing two
directed edges for each initial one. The sets N*(v) € VandN~(v) C V denote the sets of outward
and inward neighbors of v, respectively.

A complex vector in a Hilbert space Hw C Hv® H ¢ evolves through a discrete-time coined quantum
walk on graph G, defined by the graph structure. The vertex space Huv it is used to codify the vertices
of the graph by assigning to each vertex a basis vector of Hv, which has dimension |V|. The coin
space Hc denotes the degrees of freedom of the walker(possible movements for the walker) and has
a dimension given by the maximum degree of the graph D = maxd(v) : v € V. The basis for Hw is
|v,¢) :v e V,ee Cv, where Cv =0,...,d(v) — 1 is the integer set for the number of outward edges of
a node v.

The basis for the spaces Hc and Hv are denoted as |¢) and |v), respectively. Assuming |¥(¢)) is
the walker wavefunction at discrete time instant ¢, the evolution of the quantum walk is given by the
action of two unitary operators S': Hw — Hw and W : Hw — Hw on the system state vector

(W(t+1)) = SWI¥(t)

[6]

7.3 Coin and Shift operators

The walker’s degrees of freedom are affected by the coin operator (W). The general form of the
coin operator is represented by:

W = Z|U><’U|®W’U
veV

where W is a unitary operator. The coin operator mixes the amplitude of a particular state |v,c)
with states |v, ¢’) such that ¢, ¢’ € Cv, which are the degrees of freedom of the same vertex. [5]

The shift operator, also known as the swap operator (5), is responsible for moving the mixed
amplitudes generated by the coin operator W to outward edges. To define the operator, we introduce
the functionn : V' x C' — V| which maps outward edges to outward neighbors of each vertex. Thus,
for a vertex v and an index ¢,n(v, ¢) denotes the c-th outward neighbor of v, which we denote by w.
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Additionally, we introduce o : V x V' — C, which maps an inward edge of a vertex to one of its outward
edges.

The action of the shift operator is then formally defined as follows: for a state vector |u,c), the
shift operator transforms it into |n(u, ¢), o(u,n(u,c))). Note that  and o can be defined arbitrarily as
long as the operator remains unitary and respects the graph edges. In fact, different choices of 1 and
o can lead to different dynamics of state amplitudes. [5]

7.4 Paper

Back to our work, the research goal was defined as implementing the quantum walk protocol
described on [7]. By implementation, we mean a move from the logical approach to a more physical
approach, including encoding considering the actual physical qubits and showing how we would perform
the operations considering the non-locality. Also, one can find a presentation about the quantum walk
control plane implementation at https://interscity.org/quantum-internet/.

The paper [9] published and presented at the First Workshop on Quantum Networks, part of the
2024 “Simpésio Brasileiro de Redes de Computadores e Sistemas Distribuidos”, event organized by
the Brazilian Computer Society, explores two different implementations of the quantum walk control
plane for quantum networks: the linear approach and the logarithmic approach. Both methods are
analyzed for their encoding schemes, operational characteristics, and trade-offs in resource usage.

7.5 Linear Approach

The linear approach leverages a straightforward encoding strategy, associating each edge in the
network graph with a single qubit. This approach prioritizes simplicity in qubit representation and
make the operations easier.

In the linear approach:

e Each edge (u,v) in the directed graph is encoded using one qubit.

e If the qubit associated with an edge (u, v) is in the state |1), it indicates that the quantum walker
is on that edge.

e The total number of encoding qubits required is proportional to O(|V| - dmax), where |V is the
number of vertices and dp,ax is the maximum degree of the graph.

The linear approach employs:

e Local coin operator: Operates within a single node to mix the amplitudes associated with the
outgoing edges.

e Non-Local shift operator: Performs the movement of the walker across edges. This is implemented
using gate teleportation, which requires two EPR pairs per edge to perform a swap operation
remotely. The circuit used to do the shift operation is on https://algassert.com/post/1717 and
it is optimal [1].

The linear approach offers simple and intuitive encoding, making it easier to implement and under-
stand. Additionally, it requires fewer EPR pairs for operations compared to the logarithmic approach,
which can simplify the resource requirements in certain scenarios.

Despite its simplicity, the linear approach has a high qubit overhead for encoding, as each edge in
the graph requires a dedicated qubit. This makes the approach less efficient when the number of edges
grow significantly, leading to scalability issues.

7.6 Logarithmic Approach

The logarithmic approach offers a more compact encoding by reducing the number of qubits required
per node. This is achieved by leveraging a logarithmic representation of the graph’s degrees.
In the logarithmic approach:

e Each node uses [log,(d(v) 4+ 1)] qubits, where d(v) is the degree of the vertex v.
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e The encoding of an edge (u,v) is the same as the encoding of (v, u), enabling bidirectional
representation.

e The total number of encoding qubits required is proportional to O(|V| - logs(dmax))-
The logarithmic approach utilizes:
e Local coin operator: Similar to the linear approach, operates within the node to mix amplitudes.

e Non-Local shift operator: A more complex implementation than in the linear approach, involving
complex unitary transformations. In the worst case, teleportation techniques can be used to
perform the shift operation.

The logarithmic approach significantly reduces the number of encoding qubits. It provides an
efficient representation of graph degrees, which optimizes the use of quantum resources.

However, this approach requires more complex operations for the shift, often involving additional
EPR pairs. Moreover, it introduces higher implementation complexity for non-local operations, which
can pose challenges during practical deployment.

7.7 Comparison of Approaches

The linear and logarithmic approaches represent two different strategies for implementing the quan-
tum walk control plane. The linear approach is straightforward but requires more qubits, while the
logarithmic approach is more efficient in encoding qubit usage but introduces operational complexities.

Modeling details Linear Logarithmic
required encoding qubits | O(|V|dmaz) O(IVIig(dmaz))
coin operation trivial trivial
shift operation remote swap selected swap/non trivial
encoding qubits per shift one l9(dmaz)
operation qubits per shift two O(lg(dmaz))*
one node shift parallel sequential or parallel(time is negligible)

Table 1: Comparison of Linear and Logarithmic Approaches.

7.8 Trade-Off Between Qubits, Time, and Circuits

Both the linear and logarithmic approaches support parallel shifts when EPR pairs are available,
with the time to execute shifts being negligible. However, the logarithmic approach requires more EPR
pairs per shift, likely proportional to the number of qubits used in the encoding. The total number of
EPR pairs needed for a global shift depends on the number of edges and the resources required per
shift. In the linear approach, two EPR pairs are needed per shift, whereas in the logarithmic approach,
the exact number is not known but is expected to scale logarithmically.

Performing parallel shifts demands more qubits for simultaneous EPR pairs, while sequential shifts
introduce time delays as operations must wait for an operation to end to start attempting to establish
the others EPR pairs.

In more details, each edge requires a shift operation, creating a trade-off between the number of Bell
pairs and the time needed. Performing all shifts simultaneously requires O(FE - b(e)) EPR pairs, where
b(e) is the number of Bell pairs needed per shift. Reducing qubit usage necessitates sequential shifts,
increasing time due to repeated Bell pair establishment. For example, in a 2D lattice, the minimum
shift qubits per node equals b(e), and O(n) rounds of shifts are required for an n x n lattice.

Given that, we divided the system into two groups: encoding qubits and operation qubits (EPR
pairs). Three configurations van be analyzed:

1. Linear encoding with parallel shifts.
2. Logarithmic encoding with sequential shifts.

3. Logarithmic encoding with parallel shifts.
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These configurations illustrate the trade-offs between resource usage and operational efficiency,
guiding the choice of approach based on network size and constraints.
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8 Conclusion

This section explores the potential future work stemming from the research on the distributed
quantum walk control plane and conclude this thesis. By extending the current approaches, we aim
to further refine and evaluate their practical implications in quantum networks.

One of the most promising avenues for future work is the simulation of real quantum networks
using both the linear and logarithmic approaches. Such simulations can provide practical insights into
their performance, including;:

e Resource consumption, such as qubits and EPR pairs.
e Time efficiency for operations like coin and shift.
e Scalability and adaptability to varying network topologies.

To achieve this, we propose leveraging tools like Quantum Savory, a quantum network simulator
developed by the University of Massachusetts Amherst. Simulating realistic scenarios will allow for a
comprehensive comparison between the two approaches, highlighting their strengths and weaknesses
in practical environments.

Another exciting direction is integrating ideas from Grover’s spatial search into the quantum walk
control plane. Grover’s algorithm provides a quadratic speedup for searching unstructured databases,
and its spatial extension could enhance the efficiency of quantum walk protocols. We thought about
using a similar idea to explore routing options.

Also, further exploration of alternative encoding schemes could lead to more efficient implementa-
tions. For instance:

e Hybrid encoding methods combining features of linear and logarithmic approaches.
e Dynamic encoding strategies that adapt to changing network conditions.
e Encodings that minimize qubit usage while maintaining high fidelity and speed.

This work highlights the development of a distributed quantum walk control plane for quantum
networks, showcasing two implementation strategies—linear and logarithmic approaches. Each method
presents unique trade-offs between encoding complexity, resource consumption, and operational effi-
ciency. Through this research, we have advanced the understanding of how quantum walks can serve
as robust control signals in quantum network architectures.

We would like to express our gratitude to Professor Don Towsley and Matheus Guedes from the
University of Massachusetts Amherst for their invaluable partnership, which significantly enriched
this research. Special thanks are also due to my supervisor, Professor Fabio Kon (IME/USP), and
my co-supervisor, Professor Antonio Jorge Gomes Abelém (UFPA), for their guidance and support
throughout the project. Lastly, we acknowledge the financial support provided by FAPESP, which
made this research possible.
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Abstract. The Quantum Walk Control Protocol (QWCP) enables universal dis-
tributed quantum computing in quantum networks. In its debut, QWCP was
specified in terms of logical quantum operations required by a quantum network
to implement the protocol. In this paper, we propose two possible implementa-
tions of the QWCP based on different ways to encode quantum walks in physical
qubits. The proposed encodings require different numbers of qubits and remote
entangled states to perform control operations. Our approaches help to bridge
the gap between the logical description of the QCWP and possible physical re-
alizations of the protocol. !

1. Introduction

Quantum networks are on the frontier of quantum research. The field combines
various disciplines with the promise of enabling quantum communication among quantum
processors, leading to applications that cannot be achieved with classical communication
alone [Kimble 2008]. Similar to traditional computer networks, quantum networks will
require efficient communication protocols to enable scalable quantum communication. In
addition to orchestrating network control operations, quantum network protocols must be
tailored to overcome the inherent fragility of quantum information. Qubits are prone to
errors from a variety of sources, such as memory decoherence in storage and imperfect
state transduction in photonic transmission.

In this context, distributed quantum computing (DQC) is a fundamental appli-
cation enabled by quantum networks [Buhrman and Rohrig 2003]. It requires control
protocols to orchestrate distributed quantum operations despite the choice of quantum
hardware used in the network fabric. Previous work proposed the Quantum Walk Con-
trol Protocol (QWCP) [de Andrade et al. 2023] to enable universal DQC in quantum net-
works. The QWCP was described in terms of logical operators and can be used to control
arbitrary quantum network operations, e.g., entanglement distribution [Pant et al. 2019].
The logical description of QWCP is general, although it does not directly address how the
protocol is implemented in terms of qubits.

In this paper, we address the problem of implementing the QWCP in quantum
processors. We provide two ways one can map the logical description of the QWCP to

I'This research was supported in part by the NSF grant CNS-1955744, NSF- ERC Center for Quantum
Networks grant EEC-1941583, INCT of the Future Internet for Smart Cities CNPq proc. 465446/2014-0,
and FAPESP procs. 14/50937-1 and 2020/04031-1.



qubits in the network nodes: the linear encoding and the logarithmic encoding implemen-
tation. We describe the number of qubits required at each node in order to implement the
QWCP, together with a description of the control operators for both proposed methods.
Finally, we present an initial theoretical analysis on the performance of the proposed im-
plementations, which shows a trade-off between network resources used for control and
the time required to complete control operations.

2. System Model

We follow the system model described in [de Andrade et al. 2023] for a quantum
network. Consider a symmetric directed graph G = (V, A), with V' and A representing
the nodes and arcs of the graph, respectively. Since G is symmetric, (v,u) € A if, and
only if, (u,v) € A. We use J(v) to denote the set of neighbors of vertex v € V' and
d(v) = |d(v)| to denote v’s degree.

Edge colorings are of particular interest to the description and analysis of the
methods we propose in this article. Let G’ = (V, E)) denote the undirected version of
the network graph GG where arcs (u,v) and (v, u) of G are represented by the same edge
in . Let 'y, : E — {1,...,|V|}/¥l denote an edge coloring of G’ where at most
k edges incident to the same node have the same color. Let I'¢r : A — {1,...,|V|}
be a coloring of the directed graph G obtained from I';; ;, as I (v, u) = Tap(u,v) =
['Gx(v,u). Let Ar, , denote the number of colors in I'g x. When k& = 1, coloring I'c 4
reduces to the usual coloring where edges incident to same node have different colors.
Finding the minimum number of colors for G when k = 1, i.e., minr, , AFc,p is an NP-
hard problem, although Vizings’s theorem states that d,, < minr,, , AFGJ < dpax +
1 [Stiebitz et al. 2012]. For simplicity, we omit the dependency of a coloring with G from
now on, and use I to denote ' ;.

A quantum network is a set of quantum processors (nodes) that can communicate
with each other via quantum channels (arcs). Each node has a fixed number of qubits
and can perform local quantum operations on them. We divide those qubits into two
disjoint sets, V,, and M,,, which we refer to as network qubits and data qubits, respectively.
In this work, we mainly focus on network qubits—which are associated with control
operations—and omit data qubits to simplify exposition when possible.

The discrete-time coined quantum walk model is a unitary evolution process de-
fined in the Hilbert space Ho = Hy ® H that encodes the graph’s arcs [Portugal 2018].
In particular, Hy encodes the vertices and H¢ encodes the coin space of the walker.
Specifically, for each (v,u) € A, a basis vector |v, ¢,,) is defined within H¢, with ¢,
symbolizing the degree of freedom corresponding to the arc that connects v with u. The
evolution of the quantum walk is given by |V (¢ + 1)) = S(¢)C(¢) |V (t)), where C' and S
are the coin and shift operators, respectively. A generic coin operation on node v maps
Zue(s(w Qo |V, Cou) — Zue(m) Bou Vs Cou)» Where ay,, € C and 3, € C respect unitary
evolution. C' mixes the amplitudes associated with the states representing the outward arcs
of a node and shapes the probability that the walk moves from one node to another. The
shift operator .S maps |v, ¢,,) — |u, Cuy). It changes amplitudes among different nodes
and is related to the propagation of the quantum walk itself, i.e., S drives the movement
of the quantum walk among network neighbors.

The QWCP utilizes a quantum walk system to propagate entanglement between



network nodes enabling remotely controlled quantum operations. A diverse set of oper-
ations can be performed with the QWCP and we focus on the case where the protocol is
used to route quantum control information through a network path P = {vg, v1,...,v,}.
In a nutshell, the QWCP starts i