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CHAPTER 1

Introduction

Als je het opschrijft, staat het meteen op
papier ook.

Gerard Reve

The rise of computation has profoundly transformed the way we solve problems. From
the invention of early mechanical calculators to the advent of modern supercomputers, the
ability to perform large-scale calculations has empowered us to tackle increasingly com-
plex tasks. Today, computers play a critical role in nearly every aspect of society, from sim-
ulating physical phenomena to performing data analysis on an unprecedented scale. This
computational revolution is built on a foundation of well-designed algorithms—explicit,
step-by-step instructions that guide a computer to solve specific problems efficiently.

Designing algorithms often feels intuitive because humans have relied on algorithmic
thinking for centuries in daily life. A cooking recipe, for example, serves as a perfect illus-
tration of an algorithm: it provides clear instructions on which ingredients to use, when
to combine them, and how long to cook them. Recipes guide us step-by-step toward a
desired outcome, mirroring the structured problem-solving approach of algorithms. Many
foundational programming concepts find natural parallels in cooking: conditional actions
resemble decision-making in recipes (“If the sauce is too acidic, add sugar”), iterative pro-
cesses mimic repeated tasks (“Stir continuously until the sauce emulsifies”), and parallelism
corresponds to multitasking (“While the aubergine roasts in the oven, prepare the sauce”).
These analogies highlight how classical algorithms align with familiar, concrete reasoning,
allowing us to design, understand, and adapt them with ease.

Unlike classical computers, which operate under the laws of classical mechanics, quan-
tum computers leverage the principles of quantum mechanics, such as superposition and
entanglement. These principles sometimes enable quantum algorithms to outperform their
classical counterparts, for instance, in factoring large numbers [Sho97], searching un-
structured databases [Gro96], and simulating quantum systems [L.I096]. In the field of
quantum computation, researchers investigate the power and limitations of quantum al-
gorithms, seeking to better understand which problems admit significant speedups and
which do not.

Despite these remarkable advantages, designing quantum algorithms presents unique
challenges. While classical algorithms often follow intuitive patterns, quantum algorithms
demand a fundamentally different mindset. Crafting a quantum algorithm is less like
following a recipe and more akin to composing a musical piece. Quantum computers
rely on interference patterns to amplify correct solutions and cancel out incorrect ones.
This process resembles creating harmony in music: constructive interference acts like a
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well-tuned chord, while destructive interference eliminates dissonance. However, even a
slight misalignment in the algorithm’s design—caused by poorly chosen gates or incorrect
timing—can disrupt this delicate balance, rendering the computation ineffective. Just as
a musical harmony that is slightly out of tune sounds jarring, a quantum algorithm that
fails to align perfectly with the problem’s structure becomes unproductive.

This lack of intuitiveness arises from the unique principles underlying quantum me-
chanics. Unlike classical operations, quantum operations must be reversible; information
cannot simply be copied or deleted. Moreover, the outcomes of quantum computations
are inherently probabilistic. These challenges mean that designing quantum algorithms
requires not only experience in the discrete branches of mathematics and theoretical com-
puter science, as is the case for classical algorithms, but also a deep understanding of
quantum mechanics.

In this thesis, we explore frameworks designed to make studying the capabilities and
limitations of quantum algorithms more accessible. These frameworks, in some sense,
abstract away much of the inherent quantum mechanical complexity, reducing problems
to a form of “classical difficulty.” Remarkably, we show that this reduction still preserves
much of the inherent power of quantum algorithms, allowing us to better understand their
potential and limitations.

1.1 Designing more powerful quantum walks

In Part I, the first part of this thesis, we explore a class of strategies for designing quantum
algorithms. These strategies are known as quantum walk search frameworks, and the
resulting quantum algorithms are referred to as quantum walks. These frameworks often
begin with a classical random walk, which may be explicit or implicit in the design.

A random walk is a (Markovian) process that describes a path consisting of a sequence
of probabilistic steps, where each step depends only on the current state and is indepen-
dent of previous steps. A simple example is the “drunkard’s walk”: imagine a person
attempting to return home by taking random directions at each street intersection. Over
time, this random motion causes the person’s position to spread across the city, exhibit-
ing statistical properties that can be analysed to determine, for instance, the expected
time to return home. Random walks are fundamental in probability theory and form the
basis for numerous classical algorithms, particularly in searching and optimisation tasks.
Their well-understood properties make them an excellent starting point for extending
these ideas into the quantum domain.

One such quantum walk search framework, originally introduced by [Bel13], is known
as the electric network framework. In this approach, the construction and cost analysis of
the quantum walk algorithm involve analysing the underlying graph, where the random
walk takes place, as if it were an electrical network. In this analogy, the weighted edges
mimic electrical wires, with the weights representing the conductance of the edges. This
framework establishes a fascinating connection between quantum walks and electrical net-
works, a relation that was further strengthened by [AP22]. While this framework is par-
ticularly effective for designing quantum algorithms—even for those with limited knowl-
edge of quantum computing—it has a significant limitation shared with other quantum
walk search frameworks: it can provide at most a quadratic speedup over the underlying
classical random walk.

In this thesis, we address the question of whether we can strengthen quantum walks
based on electrical networks, potentially achieving exponential speedups while maintain-
ing the original intuition. Specifically, we aim to ensure that the construction and cost
analysis still rely on random walks and electrical networks. We answer this question in
the affirmative.
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First, in Chapter 4, we enhance these quantum walks using the multidimensional quan-
tum walk framework. This approach introduces a new class of quantum walks capable of
achieving exponential speedups. However, in doing so, we partially break the connection
with electrical networks. To restore this relationship, we generalise electrical networks in
Chapter 6. These generalisations allow us to re-establish the connection between quantum
walks and electrical networks while preserving the enhanced capabilities of multidimen-
sional quantum walks. This interplay between quantum walks, electrical networks, and
their generalisations is illustrated in Figure 1.1.

To evaluate the quality of an algorithm, we are primarily interested in its cost. Various
metrics can be used to measure this cost, but here, we focus on the runtime of the algo-
rithm. By considering the optimal algorithm for a specific computational problem—the
one with the minimal runtime—we define the cost as the time complexity of the problem.
In the field of quantum complexity theory, we study the cost of computational problems
for the optimal quantum algorithm, which is referred to as their quantum (computational)
complexity.

The main application of our multidimensional quantum walk framework is a new
quantum walk for the problem of k-distinctness. In this problem, we are given access to a
list of n integers, and we must determine whether the list contains & copies of the same
integer. This problem has been studied as a fundamental problem in query complexity, as
it serves as an important subroutine for other more practical problems. Classically, any
algorithm solving this problem with bounded error must query a constant fraction of the
entire list. Quantum algorithms, however, can achieve significantly better performance.
The time complexity of our new quantum walk for k-distinctness matches the best-known
query upper bound up to polylogarithmic factors [Bel12a].

Intuitively, it seems reasonable to expect that the time complexity of k-distinctness
should not be significantly higher than its query complexity—after all, what else could an
algorithm do beyond querying and comparing inputs? However, this upper bound had not
been proven through the explicit construction of a quantum algorithm, making it infeasi-
ble to analyse its time complexity directly. Our framework bridges this gap by explicitly
constructing such an algorithm and providing insights into its runtime performance.

Chapter 4
[ Quantum walks } { Multidimensional quantum walks J

A AN

[Bell13, AP22] Chapter 6

Chapter 6

[Electrical networks Multidimensional electrical networks}

Figure 1.1: Connections between and generalisations of quantum walks and electrical
networks

1.2 Limitations of quantum algorithms

While designing new and faster quantum algorithms to tackle computational problems
is fascinating and helps reduce the quantum complexity of these problems, it is equally
important to understand their limitations. The most valuable component in quantum al-
gorithm research is arguably not the availability of low-fidelity gates or error-corrected
qubits, but a researcher’s time. By proving lower bounds on the quantum complexity of a
problem, we demonstrate that no quantum algorithm can outperform this lower bound.
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While perhaps less exciting, these no-go results play a crucial role in guiding the field
by clarifying which speed-ups are (un)achievable. In practice, however, it is exceedingly
difficult to lower-bound the quantum complexity of computational problems when con-
sidering the optimal runtime. Instead, a simpler cost metric is considered, namely the
number of queries, which we elaborate on in the next chapter.

Providing query lower bounds for classical algorithms can often be done intuitively,
even if it does not guarantee a tight bound—a lower bound that closely approximates the
optimal query cost. For example, if one wanted to estimate the time needed to understand
this thesis, they could first lower bound the time required to comprehend a single page and
then multiply this by the number of pages. This approach would yield a straightforward,
albeit loose, lower bound, as not all pages require the same effort to understand—some
might take significantly longer than the “easiest page”.

This reasoning, however, cannot be directly applied to the quantum setting. A quan-
tum reader might “read” multiple pages in superposition or entangle the pages containing
a theorem with those discussing its applications, potentially enabling a faster way to un-
derstand the work. Similarly to constructing quantum algorithms, the quantum setting
trades off power for intuitiveness when deriving lower bounds. This trade-off is also ev-
ident in the spectrum of techniques used to derive quantum query lower bounds. These
techniques range from the original adversary method by [Amb00] to the multiplicative ad-
versary method [Spa08]. While stronger techniques can provide tighter lower bounds over
broader parameter regimes, they are generally more mathematically complex and less
intuitive to derive.

In Part II, we study quantum query lower bound frameworks, complementing the ex-
ploration of quantum (query) upper bounds achieved through the quantum algorithms
discussed in Part I. More specifically, we investigate a quantum query lower bound tech-
nique known as the compressed oracle technique [Zhal9]. This method stands out as an
exception to the aforementioned trade-off: it derives strong quantum query lower bounds
in an intuitive manner but is constrained to a very limited regime of parameters. We
demonstrate how this technique can be unified within the framework of the multiplica-
tive adversary method through a novel approach that we introduce as the multiplicative
ladder adversary method. This new method is a simplification of the multiplicative adver-
sary method, enabling a more intuitive rederivation of the lower bounds capturing the
core power of the compressed oracle technique. This unification provides several valuable
insights. On the one hand, it offers a more accessible way to derive lower bounds using
the multiplicative adversary method. On the other hand, it suggests how the compressed
oracle technique could be extended to accommodate a broader range of parameters.

1.3 Organisation

The thesis is structured as follows. In Chapter 2, we present the essential background
information, definitions, and notation used throughout this thesis. Additionally, we intro-
duce fundamental concepts of quantum computing that are necessary to understand the
majority of the thesis.

The remainder of the thesis is divided into two parts. In Part I, we address the gener-
alisation of quantum walks constructed by the electrical network framework and explore
how this leads to a generalisation of electrical networks themselves. Below, we describe
the chapters comprising Part I in more detail.

In Chapter 3, we review fundamental graph-theoretic concepts and the basics of elec-
trical networks. We then delve into the construction of quantum walk algorithms using
the electrical network framework and see how the cost analysis of these algorithms is in-
trinsically connected to the properties of electrical networks. Finally, we demonstrate how
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these connections facilitate the design of quantum algorithms capable of locating marked
vertices in a graph or sampling from the electrical flow within an electrical network.

In Chapter 4, we generalise the electrical network framework to develop the multidi-
mensional quantum walk framework. After constructing this new framework, we apply it
to the welded trees problem. This problem involves an exponentially large graph consisting
of two full binary trees with 2" leaves, where the leaves of the two trees are connected by
a pair of random matchings. The goal is to start at the root of one binary tree and locate
the root of the other binary tree. In the welded trees graph, all vertices except s and ¢
have degree 3, while s and ¢ each have degree 2. The oracle to this graph is designed
such that any classical algorithm attempting to solve this problem is forced to perform
a random walk, starting from s and continuing until it reaches ¢. Due to the structure
of the graph, the walker is quickly drawn towards the centre, but escaping the centre to
locate ¢ takes exponential time. This intuition can be rigorously formalised, showing that
the classical query complexity of this problem is 2(") [CCD*03]. Using the novel con-
cept of alternative neighbourhoods, our quantum walk traverses the welded trees graph
in just O(n) queries and O(n?) time. This result demonstrates that the multidimensional
quantum walk framework is capable of achieving exponential speedups, making it the first
quantum walk search framework to do so.

In Chapter 5, we apply our multidimensional quantum walk framework to the problem
of k-distinctness, resolving a more than 10-year-old open problem regarding a missing time
upper bound that matches the best-known query upper bound. In our algorithm, we apply
the second novel technique within our framework, called edge composition. This technique
allows a quantum walk to account for varying traversal costs across edges, replacing the
uniform maximum cost assumption with a more efficient cost analysis that incorporates
individual edge costs. To build intuition for the general case, we first address the sim-
pler problem of 3-distinctness, before generalising our approach to the k-distinctness case

~ 3.1 1
and demonstrating that our quantum walk achieves a time complexity of O(n* %2F-1),
matching the best-known query upper bound up to polylogarithmic factors.

In Chapter 6, we restore the relationship between quantum walks and electrical net-
works, which was disrupted by the generalisation introduced through the multidimen-
sional quantum walk framework. Using the concept of alternative neighbourhoods, we
derive generalised notions of electrical flow and potential in electrical networks, which
we term the alternative electrical flow and alternative potential. This new multidimen-
sional electrical network framework enables quantum algorithms to generate quantum
states corresponding to the alternative electrical flow over the edges of graphs. Addition-
ally, we demonstrate that the alternative flow and potential satisfy the same linear rela-
tionships as the standard flow and potential in traditional electrical networks. We then
apply this framework to locate a marked vertex in one-dimensional random hierarchical
graphs [BLH23]. Finally, we define a family of graphs where the quantum alternative
electrical flow state can be efficiently generated and sampled to recover an s-t path expo-
nentially faster than is possible classically.

In Part II, which consists of Chapter 7, we compare different techniques for lower
bounding the quantum query complexities of computational problems. Specifically, we
examine how the compressed oracle technique compares to the more established multi-
plicative adversary method. We provide an explicit reduction from the compressed ora-
cle technique to the multiplicative adversary method [Spa08] by introducing a simplified
variant of the latter, which we call the multiplicative ladder adversary (MLA) method. This
simplification allows for more accessible derivations of lower bounds while capturing the
compressed oracle technique as well as a recent generalisation by [Ros21]. Consequently,
the MLA method positions itself as a promising tool for deriving lower bounds that are
both more accessible than those obtained with the multiplicative adversary method and




6 Chapter 1. Introduction
applicable to a broader range of parameters than the compressed oracle technique.

1.4 List of publications

This thesis is based on the following papers (in chronological order). In each work, all
authors contributed equally.

[JZ23] Multidimensional Quantum Walks, with Application to k-Distinctness
Stacey Jeffery, Sebastian Zur,
Proceedings of the 55th Annual ACM Symposium on Theory of Computing (2023),
TheoretiCS, Volume 4 (2025).
Chapter 3, 4 and 5 are based on this paper.

[LZ23] Multidimensional Electrical Networks and their Application to Exponential
Speedups for Graph Problems
Jiangiang Li, Sebastian Zur,
arXiv preprint, accepted for publication in Quantum
Chapter 3 and 6 are based on this paper.

[JZ] The Compressed Oracle is a Worthy Adversary
Stacey Jeffery, Sebastian Zur,
In preparation.
Chapter 7 is based on this paper.



CHAPTER 2

Preliminaries

We zijn voorbij de start, maar we zijn nog
niet aan het einde van het begin.

Mark Rutte

In this chapter, we present the essential background information, definitions, and
notation used throughout this thesis, assuming a basic understanding of linear algebra.
We delve into fundamental concepts of quantum computing that are necessary to
understand the majority of the thesis. While a comprehensive background in quantum
mechanics is not required for the topics we cover, interested readers may refer to [NCOO0]
for an accessible introduction to quantum mechanics in the context of quantum
computation. Any concepts that are specific to certain sections or chapters will be
introduced at the beginning of those respective sections.
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2.1 Notation

We begin by outlining the notational conventions used in this thesis. Any notation specific
to particular sections will be introduced when it first appears. For any positive integer
n € N>, we denote [n] = {1,...,n} and [n]op = {0, ...,n}. For any finite set {2, we write
22 for the power set of . For any two finite sets Q, T, we write I'® for the set of all
functions from €2 to I. The Kronecker delta of any two mathematical objects a, b is defined

as
lifa=0»
dapi=4 oD 2.1)
’ 0 otherwise.

2.1.1 Computer science

We take all logarithms to be base 2. The natural logarithm, i.e. the logarithm base e, is
denoted by In. A bit is a binary digit, taking a value of either 0 or 1. In this context, we
consider bits as elements of 5, where addition is defined modulo 2. This is functionally
identical to the XOR operation, denoted by @. The set of all n-bit strings is written as
{0,1}"™. For any n-bit string x € {0,1}", we use z; to denote its ith bit. For two n-bit
strings x,y € {0,1}", we write x & y € {0,1}" for their element-wise XOR and = -y € N
for their inner product, defined as > | z; - y;.

To analyse the asymptotic behaviour of any function f : R — R, we make use of big O
notation, defined as

f(z) =0(g9(z)) < 3C,x¢ € Ry such that Vo > z¢ : |f(x)] < Clg(z)].

We also rely on the following related notations, known as small O, big Omega and big
Theta, respectively:

f(z) =o0(g(x)) < Fzo € Rsp, Ve € Ry, such that Vo > z¢ : [f(2)] < ¢|g(x)],
z) =Qg(x)) <= g(z) = O0(f(z)),
) =0(g9(z)) < f(z) =0(g(z)) and f(z) = Q(g(z)).

In addition, we employ the soft big O and soft big Theta notation, denoted by O and O,
respectively, which suppress polylogarithmic factors in asymptotic bounds:

flx) = O(g(fv)) <= Jk € N>, such that f(z) = O(g(z) logk(g(:zc))),
O(g(z)) <= f(x) = O(g(x)) and g(x) = O(f(x)).

When dealing with multiple variables, it is assumed that the big O bound applies indepen-
dently to each variable in its respective asymptotic regime. For example,

$2

f(x,e) =0 <) <= dC,x9 € Ryg such that Vaq, 29 > 2¢ : ‘f(:Cl, 1/%2)’ <C

€

a

1/%2

As a variant of big O (and related) notation, we may also use the following to describe
the asymptotic growth of functions:

f(x) € poly(z) <= 3k € N>q, such that f(z) = O(z"),
f(x) € polylog(z) <= 3k € N>y, such that f(z) = O(g(z)log"(g(z))).
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2.1.2 Linear algebra

In this work, we work with Hilbert spaces, which in the finite-dimensional case (the only
case considered in this thesis) are vector spaces equipped with an inner product, denoted
by (-,-). While Hilbert spaces can be defined over both the field of real numbers R and
the field of complex numbers C, in this thesis we assume they are over C, unless stated
otherwise. We write I for the identity matrix on any (finite-dimensional) Hilbert space.
For any real p > 1, including the limit p = oo, the p-norm of any vector v = (vy,...,v4)

is given by
n 1/p
[oll, = (Z !vi\p> :
i=1

On Hilbert spaces, we use the Euclidean norm (or 2-norm), which is induced by the inner
product and denoted by ||v|| := [|v||, = \/ (v, v).

For any linear operator A € C™*" between Hilbert spaces C" and C™, we follow the
convention in quantum mechanics and denote the conjugate transpose of A by A' and
we say that an operator is Hermitian if it equals its conjugate transpose. This notation
naturally extends to vectors. The notation A should not be confused with A*, which
denotes the Moore-Penrose inverse, also known as the pseudoinverse, of A. This is the
unique linear operator satisfying the following:

AATA=A, ATAAT = AT, (AAT)T = AAT, (ATA)T =ATA.  (2.2)

A Hermitian operator A is positive semidefinite, denoted by A = 0, if and only if zT Az >
0, or equivalently, if all of its eigenvalues are non-negative. Similarly, we say that A is
positive definite, denoted by A > 0, if all its eigenvalues are positive. For any two Hermitian
operators A, B, we write A > B if their difference A — B is positive semidefinite, and we
write A = B is their difference is positive definite.

Similarly as we did with vectors, for any real p > 1, including the limit p = oo, its
p-norm is defined as

| Av]]
|All,, = sup £, (2.3)
v#£0 HUHp

For p = 1 and p = oo, these are simply the maximum absolute column sum and row sum
of the matrix A, respectively. In this thesis, the norm of any linear operator A refers to its
spectral norm, defined as follows:

1ALl == [ Ally = \/ Amax (ATA).

We will frequently need to bound the spectral norm in terms of simpler norms, and for
this purpose, we use the following lemma, which is a standard result in linear algebra:

Lemma 2.1.1. For any linear operator A, the spectral norm of A satisfies

A< /1Al 1Al -

2.1.3 Dirac notation

Throughout this work, we employ Dirac notation. A ket, written as |-), denotes a vector
in a Hilbert space, typically of norm 1 unless stated otherwise. If a Hilbert space # = C*
is associated with a finite set €2, its standard basis vectors are denoted by |w) for w € .
We may use the shorthand C[2] = C* when convenient. For any d € N>; we denote
by C? the Hilbert space Cl4~!o of dimension d, with its standard basis given by the set
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{]i) =i € [d — 1]o}. We refer to this standard basis on C¢ as the computational basis. As
these vectors correspond to states of some implicit quantum system, we will refer to them
as states instead of vectors.

A bra, written as (-|, represents a vector in the dual of a Hilbert space and acts as a
linear form on vectors by taking the inner product. Given a vector |v) in 4 and a vector
|u) in the dual of #, the linear form (u| acts on |v) by taking the inner product between |v)
and |u), denoted by (u|v). Since each ket represents a quantum state, it is the convention
in quantum mechanics to assume the inner product to be linear in the second variable (the
ket) and antilinear in the first (the bra).

If {lui),...,|un)} and {|v1),...,|vm)} are orthonormal bases for two Hilbert spaces
H,, and H, of dimension n and m, respectively, then their tensor product space is the nm-
dimensional space #,,®?, spanned by the orthonormal basis {|u;)®|v;) : i € [n],j € [m]},
where ® denotes the Kronecker product between two matrices. Often we omit the tensor
product symbol for such vectors, abbreviating |u;) ® |v;) to |u;)|v;) or even |u;, v;).

2.2 Quantum computation

In this section, we introduce fundamental concepts of quantum computing that will be
useful throughout the remainder of this thesis. This overview is intended as a brief sum-
mary; for a more comprehensive treatment of the subject, we refer the interested reader
to [dW19].

2.2.1 Qubits

The fundamental unit of information in quantum computing is the quantum bit, or qubit. A
qubit represents a quantum state in the two-dimensional Hilbert space C? = span{|0), |1)}.

According to the principles of quantum mechanics, the state space of a composite
physical system is described by the tensor product of the state spaces of its individual
subsystems. Specifically, for an n-qubit system, the state space is (C?)®", spanned by the
set {|i1) @ -+ @ |in) 1 i1,...,0n € {0,1}}.

For convenience, the Hilbert space (C?)®" is often thought of as isomorphic to C%",
simplifying the representation of multi-qubit states. Specifically, for any n-bit integer i €
[2™ — 1] with binary representation i = i;is - - - i,,, the corresponding computational basis
state in C?" is written as |i) = |i1)®- - -®|i,). It is important to note that not every quantum
state can be decomposed into the product of 1-qubit states. Such states are referred to as
entangled, and they play a key role in quantum mechanics, distinguishing it from classical
physics. A well-known example of an entangled state is the Einstein-Podolsky-Rosen (EPR)
state [EPR35], which resides in (C?)®2:

1
EPR) := — (|00) + |11)). (2.4)
[EPR) 7 (100) + [11))
Since any n-qubit state |+) is a normalised vector in C2", it can be expressed as
an 1
) =Y aili),
i=0
where a1, ...,asn_1 € C and Zfia ;> = 1. In this representation, we say that |¢) is in
a superposition over |0), ..., |2" — 1). If each a; = —=, then |¢) is said to be in a uniform

= =
superposition.

To simplify reasoning about qubits in complex systems, we often group them into
registers. A register corresponds to the state space of the qubits it contains, allowing us to
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work at a higher level of abstraction. Instead of focusing on individual qubits, we consider
unitary operations and measurements that act on the entire state space of a register. For
example, suppose we have a multi-qubit state |¢) in the tensor product space A @ B. We
use the same symbols A and B to refer both to the state spaces .A and B as well as to the
registers corresponding to the qubits within these state spaces, respectively. We use the
same symbols to refer both to the state spaces A and B as A and B, respectively. To make
this correspondence explicit, we sometimes add the register as a subscript. For instance,
if [¢)) € A, we may write |¢) 4, and if [¢)) € A ® B, we may write [¢) 45. We extend this
convention to linear operators as well. If I is the identity operator on .4 and U is a unitary
operator acting on 5, their combined operation on A ® B is written as [ 4 ® Ug.

In many cases, we may want to apply a linear operator to a larger Hilbert space than
the one for which it is explicitly defined. For clarity, we adopt the convention that any
operator is implicitly understood to act as the tensor product with the identity operator
on any unaffected registers. This ensures that operators are well-defined in the context of
larger systems while preserving their intended behaviour.

2.2.2 Mixed states and partial trace

So far, we have discussed pure states, which are described by normalised vectors |¢) in a
Hilbert space. However, quantum systems are not always in pure states. A more general
framework involves mixed states, which arise when a quantum system is in a probabilis-
tic mixture of pure states. A mixed state is represented by a density matrix, p, which is
a positive semidefinite operator of unit trace. A mixed state that is in the pure states
[1), ..., |tm) with probabilities py, ..., pn,, respectively, corresponds to the density ma-
trix:

m

p="_ pilti)(¥il-

i=1
A mixed state p is pure if and only if its rank is 1, in which case p = [¢)(¢|, the density
matrix of the pure state [¢)).

Mixed states arise naturally when considering subsystems of entangled states. Suppose

we have a quantum state described by a density matrix p45 on the tensor product space

A® B. To describe the state of subsystem .4 alone, we take the partial trace over subsystem
B, denoted Trp, to obtain the reduced density matrix:

pa="Trg(pap) =Y (Ia® () pap (Ta @), (2.5)
b

where {|b)} is an arbitrary orthonormal basis of B. The reduced density matrix p4 re-
produces the statistics of all possible measurements on the subsystem .4, but contains no
information about B. If p4p is entangled, tracing out part of the entangled system always
results in a mixed state, even when p 4 itself is pure. For example, if we trace out one of
the subsystems of the EPR state |EPR) from (2.4) (on the system A ® B), we obtain

pa = Trp([EPR)(EPR[) = 2 (|0)(0] + [1){1]),

N | —

which is known as the maximally mixed state.

2.2.3 Quantum gates and unitaries

By the postulates of quantum mechanics, any n-qubit state |¢)) can be transformed into
another n-qubit state |¢) via a unitary operation on C2". Any such unitary operation U
is reversible, with the inverse given by U~ = UT. For n = 1,2, these operations are
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commonly referred to as quantum gates. Below, we define some elementary gates, many of
which are used in this work.

By associating the basis states |0) and |1) with the column vectors [1 0] and [0 1]7,
respectively, these gates can be conveniently expressed as 2 x 2 matrices. We begin with
the Pauli matrices, which act on single qubits:

X = ? (1)] , flips the computational basis states |0) and |1),
1 0
Z:= 0 _J , adds a —1 phase to |1),
Y = (z) _OZ] , combines X and Z with a factor of 4, given by Y = iXZ.
Another important single-qubit gate is the Hadamard gate:
H:= . creates superpositions of |0) and |1)

The Hadamard gate can be applied to all n qubits of the all-zero state |0") to create a
uniform superposition over all n-qubit computational basis states:

HEnj0") = \/1271 S .

1€{0,1}"

A key 2-qubit gate is the Controlled-NOT gate:

00

CNOT := , flips the target qubit if the control qubit is |1). (2.6)

o O O
O O = O

0

0 1
1 0

The CNOT gate is fundamental for generating (or destroying) entanglement. For instance,

when combined with the Hadamard gate, it can be used to construct the EPR-state |EPR)
from (2.4):

1 1
CNOT (H® I)|00) = CNOT (100) + [10)) = NG

In addition to generating entanglement, the CNOT gate can copy or uncompute classical
information:

(100) +[11))-

CNOTIb)|0) = |b)|b), copies the control qubit into the target qubit register,
CNOTIb)|b) = |b)|0), uncomputes the target qubit using the control qubit.

It is important to note that no unitary operation can copy a general quantum state. This is
known as the no-cloning theorem [Par70].

Another useful operation is the Swap gate, which exchanges the states of any two
(multi) qubit registers:

SWAP[¢)|¢) = [¢)¢).

Lastly, we introduce controlled operations, which apply a unitary transformation con-
ditioned on the state of a control register. For example, given a sequence of unitary oper-
ations Uy, ..., Usn_1 acting on the same Hilbert space (one for each computational basis

state in C2"), we define
on_1

U= |i)i|®U,.

1=0
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This operation applies U; to the second register if the first (control) register is in state |i).
The CNOT gate is an instance of a controlled operation:

CNOT = [0)(0] ® I + [1)(1| @ X.

2.2.4 Measurements

Apart from unitary transformations, quantum mechanics allows us to perform measure-
ments, which enable the extraction of classical information from quantum states. Mea-
surements are inherently probabilistic and governed by Born’s rule, which states that the
probability of observing an outcome is proportional to the square of the amplitude associ-
ated with that outcome. After the measurement, the quantum state collapses to the state
corresponding to the observed outcome.

The most common type of quantum measurement is in the computational basis. For a

quantum state
)= > ali),
i€{0,1}n

the probability of observing outcome i is |a;|?. After the measurement, the state collapses
to the corresponding basis state |i). This process allows us to extract n-bit of classical
information from the n-qubit state |¢/), but it destroys [¢) in the process.

More generally, we can perform a projective measurement, which is described by a set of
mutually orthogonal projectors { Py, P», ..., P,,}, which span C?". Specifically, this means
that the projectors sum to the identity (on C2"). Each projector P; corresponds to a sub-
space of C?", and since the projectors are mutually orthogonal, so are the corresponding
subspaces. Any quantum state |¢)) € C2" can then be decomposed into components within
these subspaces:

W) =D Pily).
i=1
The probability of observing outcome i is given by

IPi|0)|[* = (| Pilw),

after which the state collapses to

Pil1)

[P

The most general type of measurement is known as a positive operator-valued mea-
surement (POVM), which generalises projective measurements. POVMs are particularly
useful when we are only interested in the final probability distribution of outcomes and
not the resulting post-measurement state itself. A POVM is described by positive semidef-
inite operators E, Fs, ..., E,,, which sum up to the identity on C?". For a quantum state
|4) € C2", the probability of obtaining outcome i is given by

Te[Eil) (Dl] = ([ Eile).

POVMs are more general than projective measurements because the operators F; are not
necessarily orthogonal projectors. They can represent incomplete or noisy measurements
and are widely used in quantum information theory.




2.2.5 Quantum algorithms

A quantum algorithm is a sequence of unitary operations and measurements applied to
a quantum system. Without loss of generality, we assume that the quantum algorithm
begins with all qubits initialised to the state |0). If the quantum algorithm involves no
intermediate measurements, the entire process can be represented as a single unitary
operation. This unitary operation can, in turn, be implemented by a quantum circuit,
which is a sequence of quantum gates. Since all unitary operations are invertible, the
inverse of the quantum circuit can also be constructed and executed when needed.

We now discuss two quantum algorithms that are frequently used as subroutines in this
work. The first is the unitary operation known as the quantum Fourier transform (QFT):

Definition 2.2.1 (Quantum Fourier Transform). Let N € N>;. The N-dimensional quan-
tum Fourier transform, denoted by QFT v, is a unitary operation that for each j € [N — 1]
performs the mapping:

N-1

1 L
QFTy e TRy = [7),

k:O
where ¢ denotes the imaginary unit, to avoid ambiguity with the index variable i.

For N = 2, QFT4 corresponds to the Hadamard gate H. The QFT enables the transi-
tion between the computational basis {|;)} and the Fourier basis {|5)}, serving as a funda-
mental building block for numerous quantum algorithms. One notable example is phase
estimation, which we will explore in detail in Section 3.3.

When discussing quantum algorithms, we are especially interested in their cost. The
cost of a quantum algorithm can be measured in various ways, but a natural measure
is to count the number of elementary operations the algorithm performs. This measure
is referred to as the time cost or gate cost of the algorithm. The time complexity or gate
complexity of a problem is the minimal time cost of any algorithm that solves the problem.
For example, the N-dimensional quantum Fourier transform defined in Definition 2.2.1
has a time cost of O(log(N)?) [Cop02].

In some cases, algorithms are provided with input through an oracle. For such algo-
rithms, another useful metric is the number of calls, or queries, made to the oracle. This
is referred to as the query cost of the algorithm. By minimising the query cost over all al-
gorithms that solve a given problem, we obtain its query complexity. Since the query cost
does not take into account the gate cost of any operations that the algorithm performs in
between its queries, the query cost is upper bounded by the time cost.

As an example of a problem with an input oracle, consider the Search problem. Here
the input is an n-bit string = € {0,1}", and the goal is to output an index i € [n] such
that z; = 1, or to output that no such index exists. The input can be accessed through the
oracle O,, a unitary operator acting on C"*{0.1} that for each i € [n] and b € {0,1} acts
as

O|i)|b) > |i)]|b ® x;).

Classically, the query complexity of the Search problem is ©(n). Quantumly however,
this problem can be solved with bounded error in O(y/n) queries to O, [Gro96], and
the time complexity only incurs a minor double logarithmic term [Gro02, ADW17]. This
results in a quadratic speedup in the query complexity compared to classical algorithms.
Moreover, this speedup is known to be (asymptotically) optimal due to a matching lower
bound [BBBV97].

We explore quantum query complexity in more detail in Chapter 7.















CHAPTER 3

Introduction to quantum walks

Weet je goed hoe hard je wandelt, weet je
niet meer waar je bent.

Het Schrodingervergelijkinglied

This chapter is based on Sections 1, 2, and 3 of the paper Multidimensional Quantum

Walks, with Application to k-Distinctness [JZ23], which is joint work with Stacey Jeffery,
and Section 2 of the paper Multidimensional Electrical Networks and their Application to
Exponential Speedups for Graph Problems [1.Z23], which is joint work with Jiangiang Li.

Quantum walk search frameworks are important because they allow the design of
quantum algorithms by first constructing a classical random walk algorithm of a
particular form, which can then be compiled into a faster quantum algorithm. In this
chapter, we introduce such a quantum walk search framework and provide the necessary
background to understand the novel concepts and results discussed in Part I of the thesis.
We begin by reviewing fundamental graph-theoretic concepts and the basics of electrical
networks. Following this, we explore a class of quantum algorithms that utilise phase
estimation, known as quantum walks, and examine how the analysis of these algorithms
connects back to electrical networks. We then review how these quantum walk
algorithms can be applied to locate marked vertices in a graph or to sample from the
electrical flow in an electrical network.
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3.1 Quantum walk frameworks

Designing quantum algorithms requires a fundamentally different—and often more com-
plex—type of intuition compared to classical algorithms. Developing general design strate-
gies is therefore essential for building this intuition. One such strategy involves the use
of quantum walk search frameworks. These frameworks start with a classical random
walk and transform it into a quantum algorithm, known as a quantum walk, which often
achieves faster run times than its classical counterpart.

The first quantum walk search framework is due to Szegedy [Sze04], and is a general-
isation of the technique used by Ambainis in his element distinctness algorithm [Amb07].
The framework can be described in analogy to a classical random walk algorithm that first
samples an initial vertex according to the stationary distribution 7 of some random walk
(equivalently, reversible Markov process) P, and repeatedly takes a step of the random
walk by sampling a neighbour of the current vertex, checking each time if the current
vertex belongs to some marked set M. Let HT (P, M) be the hitting time, or the expected
number of steps needed by a walker starting from 7 to reach a vertex in M. If S is the cost
of sampling from =, U is the cost of sampling a neighbour of any vertex, C is the cost of
checking if a vertex is marked, and # is an upper bound on HT' (P, M) assuming M # (),
then this classical algorithm finds a marked vertex with bounded error in complexity

O(S + H(U + C)).

Szegedy showed that given such a P and M, if S is the cost of coherently sampling from 7,
i.e. generating >, /7 (u)|u), and U is the cost of generating, for any v, the superposition
over its neighbours ), /P, ,|v), then there is a quantum algorithm that detects if M # ()
with bounded error in complexity:

O(S+ VH(U + C)).

Although technically the classical S and U might be different from the quantum ones, they
are often similar in practice. This result was extended to the case of finding a marked
vertex, rather than just detecting a marked vertex in [AGJK20]. This framework, and sub-
sequent related frameworks have been widely applied, because this is a relatively simple
way to design a quantum algorithm.

In [Bel13], Belovs generalised this framework to the electric network framework, which
we discuss in more detail in Section 3.4. Here the initial state is allowed to be the quantum
analog |o0) = >, \/o(u)|u) of any distribution o, analogous to starting a random walk in
some arbitrary initial distribution. Then if S, is the cost to generate |o), there is a quantum
algorithm that detects a marked vertex with bounded error in complexity:

O(Sy +VC (U + Q)),

where C is a quantity that may be the same, or much larger than the hitting time of the
classical random walk starting at . For example, if 0 = 7, then C = H as above, but
when o is supported on a single vertex s, and M = {t}, C is the commute time from s to
t [CRR"96], which is the expected number of steps needed to get from s to ¢, and then
back to s. If the hitting time from s to ¢ is the same as the hitting time from ¢ to s, this is
just twice that hitting time. However, in some cases the hitting time from ¢ to s may be
significantly larger than the hitting time from s to ¢.

The electrical network framework thanks its name due to the fact that the analysis
of the quantum walk involves analysing the underlying graph as if it were an electrical
network. Here the weighted edges mimic electrical wires, where the weights represent
the conductance of the edges. In the case where o is supported on a single vertex s,
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and M = {t}, we can imagine s being the battery and ¢ the ground. The energy of the
electrical current flowing from s to ¢, i.e. the s-t electrical flow, is then related to the
quantity C'. This connection to electrical networks has later been made even more explicit
by [Pid19, AP22], who showed that quantum walks in the electrical network framework
not only detect marked vertices but can also generate a quantum state that encodes the
propagation of the s-t electrical flow through the graph G.

A second incomparable quantum walk search framework that is similarly easy to apply
is the MNRS framework [MINRS11]. Loosely speaking, this is the quantum analogue of a
classical random walk that does not check if the current vertex is marked at every step,
but rather, only after sufficiently many steps have been taken so that the current vertex
is independent of the previously checked vertex. In [AGJ20], the authors extended the
electric network framework to be able to find a marked vertex, and also showed that
the MNRS framework can be seen as a special case of the resulting framework. Thus,
the finding version of the electric network framework captures all quantum walk search
frameworks in one unified framework.

In this chapter, we focus on quantum walk algorithms as designed in the electric net-
work framework, as well as the later modifications in [Pid19, AP22].

3.2 Preliminaries

Before delving deeper into quantum walks, we first define the necessary graph-theoretic
concepts and provide a review of basic knowledge on electrical networks. While experi-
enced readers may already be familiar with these notions, we encourage them not to skip
these definitions, as some may differ slightly from the standard terminology used in other
works on quantum walks.

3.2.1 Graph theory and electrical networks
Throughout this thesis, our quantum walks are performed on networks.

Definition 3.2.1 (Network). A network is a connected weighted graph G = (V, E, w) with a
vertex set V, an (undirected) edge set F and some weight function w : E — R~q. Since edges
are undirected, we can equivalently describe the edges by some set ﬁ such that for all (u,v) €
E, exactly one of (u,v) or (v,u) is in E. The choice of edge directions is arbitrary. Then we
can view the weights as a function w : £ — R, and for all (u,v) € E, define wy,, = Wy .
For convenience, we define w,,,, = 0 for every pair of vertices such that (u,v) ¢ E. We write

W .= Z Wo v,
(u,v)GE

for the total weight of the network.
For an implicit network G, and u € V, we will let T'(u) denote the neighbourhood of u:

I(u):={veV:(uv) e E}.

In case of ambiguity to with respect of which graph G the weighted degree is taken, we write
I'c(u). We use the following notation for the out- and in-neighbourhoods of u € V:

T (u) = {vel(u): (uv) € ﬁ} (3.1)
I~ (u) = {v € T(w) : (v,w) € B},

To build intuition from physics and apply results from electrical network theory, it is
useful to interpret our networks as electrical networks.
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Definition 3.2.2 (Electrical network). Given a network G = (V, E,w) with a weight func-
tion w, we can interpret every edge (u,v) € E as a resistor with resistance 1/w,, ,. This allows
G to be modeled as an electrical network.

Definition 3.2.3 (Flow, Circulation). A flow on a network G = (V, E,w) is a real-valued
function 6 : ﬁ — R, extended to edges in both directions by 6,,, = —0,,, for all (u,v) €
For any flow 6 on G and vertex u € V we define 0, = () bu,v as the flow coming out
of u. If 6,, = 0, we say flow is conserved at u. If the flow is conserved at every vertex, we call
6 a circulation. If 6, > 0, we call u a source, and if 6, < 0 we call u a sink. A flow with a
unique source s and unique sink t (satisfying 65 = —6; = 1) is called an (unit) s-t flow. The
energy of any flow 0 is ,

0u,v

Wau,v

)

) :=
(u,v)eﬁ

The effective resistance R, is given by the minimal energy £(0) over all unit flows 6 from s
to t. The s-t electrical flow is the unique unit s-t flow that achieves this minimal energy.

Definition 3.2.4 (Potential). A potential vector (also known as potential function) on a
network G = (V, E,w) is a real-valued function p : V' — R that assigns a potential p,, to
each vertex u € V.

Two fundamental laws governing electrical networks are Kirchhoff’s Law (also known
as Kirchhoff’s Node Law) and Ohm’s Law. Kirchhoff’s Law defines an s-t flow as follows:

Definition 3.2.5 (Kirchhoff’s Law). For any given s-t flow 6 on an electrical network G =
(V, E,w) with s,t € V, the amount of electrical flow entering any vertex u € V\{s,t} must
equal the amount of flow exiting u. In other words:

> uy=0.

vel(u)

Ohm’s Law, on the other hand, states that if a unit of current is injected at s and
extracted at ¢ in the electrical network (G, then an induced potential vector p is generated,
as described in Definition 3.2.4, which is related to the s-¢ electrical flow 6 in the following
manner:

Definition 3.2.6 (Ohm’s Law). Let 6 be the s-t electrical flow on an electrical network G =
(V, E,w) with s,t € V. Then there exists a potential vector p such that the potential difference
between the two endpoints of any edge (u,v) € E is equal to the amount of electrical flow
6., along this edge multiplied with the resistance 1/w,, ,, that is, p, — py = Oyv/Wa,v-

The potential p induced by an s-t¢ electrical flow ¢ in Ohm’s Law is not unique. There-
fore, it is common practice to consider the potential p that assigns p; = 0, in which case
ps = R+, Wwhere R, is the effective resistance between s and t.

It is often useful to modify our networks by replacing an edge with a longer path. When
we modify the network in this way, the flow on the new network is naturally derived from
the flow on the original network:

Definition 3.2.7 (Networks with lengths). If G is a network, and ¢ : E - Z>1 a positive-
integer-valued function on the edges of G, we define G* to be the graph obtained from replac-
ing each edge (u,v) € E of G with a path from u to v of length ¢,,,, and giving each edge in
the path the weight w,, ,,. We define

WE=W(G) =) wele,
B
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w,,,, for each (u,v) € ﬁ 6., for each (u,v) € E py foreachu € V

Figure 3.1: Graph G with its s-t electrical flow ¢ and corresponding potential p at each
vertex.

and for any flow 6 on G, we let 0 be the flow on G obtained by assigning flow 6(u,v) to any
edge in the path from u to v, and define

ENO)=£(0") =) 955)2
B

le.

Example graph

To build some intuition for these definitions, we provide an example graph that will be
used as a running example throughout Part I of the thesis. Consider the network G =
(V, E,w), where the vertex set is given by V' = {s,x,y,t}, and the directed edge set is

= {(s,2), (z,y), (z,t), (y,t)}. The weight of each edge (u,v) € E is Wy, = 1, €XCept
for the edge (s, z), which has a weight of w, , = 1. This network is visualised in Figure 3.1,
along with the s-t¢ electrical flow 6 on G and the corresponding potential vector p. It is
straightforward to verify that the flow 6 satisfies Kirchhoff’s Law (see Definition 3.2.5),
which states that the net flow entering any vertex, except for the source s and the sink
t, is zero. Additionally, the potential vector p satisfies Ohm’s Law (see Definition 3.2.6),
meaning that for each edge (u,v), the potential difference p, — p, is given by %. The
effective resistance R, ; can be determined in two ways: either by computing the’energy
of the flow depicted in Figure 3.1, or by noting that the potential at s is ps = % Thus, the

effective resistance for this network is R, ; = %

3.2.2 The incidence matrix

There is a direct linear relationship between the s-¢ electrical flow and the potential vector,
which can be described by reformulating Kirchhoff’s and Ohm’s Laws as linear equations
involving the incidence matrix of a network GG. We follow the treatment in [Vis13, section
4].

Definition 3.2.8 (The edge-vertex incidence matrix). Let G = (V, E,w) be a network (See
Definition 3.2.1). The incidence matrix B € Cﬁxv of G is the matrix whose rows are indexed
by (u,v) € E, whose columns are indexed by u € V, and whose non-zero entries are given by

B(u,v)m = /Wy, B(uﬂ,)ﬂ] = =/ Wy -
Let W € Cﬁxg be the diagonal matrix with entries W, ) (u.0) = —rlu -. For simplicity,

the matrix W can be ignored if we consider the network to be unweighted, i.e. every edge
has weight 1. Viewing a flow # on G = (V, E,w) as a vector in C*, we can multiply
it by W to obtain the weighted flow vector W6 € Cﬁ, where each entry is given by

(WO)y, = \/6% for each row indexed by (u,v) € E. The norm of W is the square root

of the energy of the flow, i.e. \/£(#). Introducing W6 allows us to rephrase Kirchhoff’s
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Law from Definition 3.2.5 as a linear equation involving the incidence matrix B. Fix an
ordering of the columns of B as s, uy, ..., us,t for some vertices uj,ug € V'\ {s,¢}, and let
e; € C" be the basis vector with a 1 in the i-th position.

Definition 3.2.9 (Kirchhoff’s Law (incidence matrix)). Let 6 be any unit s-t flow on an
electrical network G = (V, E,w). Let B be the incidence matrix of G. Then 0 satisfies

> ver(s) Usw (1]
Z’UEF(ul) Ous v
BTwWo = : =|: | =e—e. (3.2)
> vel(ug) Fuz v 0
veD(t) Ot0 | [—1]

Recall from Definition 3.2.3 that the s-t electrical flow minimises £(#) among all unit
s-t flows 0. Since £(0) = ||W0)|)?, the s-t electrical flow corresponds to the smallest (in
norm) solution to (3.2), i.e. the unique s-t flow 6 such that W6 € ker(BT)i. We can
recover W@ using the Moore-Penrose inverse of B”, denoted BT to manage the double
superscript, since the Moore-Penrose inverse A" of any linear operator A maps ran(A) to
ker(A)*. Thus, by left-multiplying both sides of (3.2) by BY*, we derive the following
property of electrical networks:

Theorem 3.2.10 (Theorem 4.7 in [Vis13]). Let 0 be the s-t electrical flow on a network
G = (V, E,w). Let B be the incidence matrix of G. Then its flow vector W@ is given by

W60 =BT (e, —e). (3.3)

Similarly, we can represent a potential vector p as a vector in C¥, with each entry
p, indexed by u € V. This allows us to rephrase Ohm’s Law from Definition 3.2.6 as a
linear equation involving the incidence matrix B. Fix an ordering of the rows of B as

(ul, Ul), RN (UQ, UQ) S
Definition 3.2.11 (Ohm’s Law (incidence matrix)). Let 6 be the s-t electrical flow on an

electrical network G = (V, E,w). Let B be the incidence matrix of G. Then there exists a
potential vector p such that

eu ,U
Vi (uy = pu)] | e

\/W(puz - pvg) %

It is standard practice to assume the potential vector p satisfies p; = R,; and p; = 0,
which is easier to visualise from the incidence matrix perspective:

Lemma 3.2.12. Let 6 be the s-t electrical flow on an electrical network G = (V, E, w) with
effective resistance R ;. Then there exists a potential vector p satisfying Ohm’s Law such that
Ps = Rsﬂg and Pt = 0.

Proof. From the incidence matrix B, we obtain B’ B, known as the weighted Laplacian of
G. It is well known in spectral graph theory (see, e.g., Lemma 2.2 in [Vis13]) that BT B
has a zero eigenvalue with multiplicity 1, and its corresponding eigenvector is ) i e,.
Since ker(B) = ker(B” B), setting p; = 0 results in a valid solution to (3.4), and this
makes the solution unique. By left-multiplying both sides of (3.3) with (W), we find

Rs,t - HW9H2 = (WG)TBTJr(eS - et) = pT(es - et) =Ps — Pt = Ps .
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Using the Moore-Penrose inverse, we can recover the potential satisfying Ohm’s Law
from Lemma 3.2.12. To achieve this, we remove the last column of B and the last row of
p, obtaining B and p, respectively. As shown in the proof of Lemma 3.2.12, this operation
is justified since B is not full rank. This modification effectively forces p; = 0:

_pl _[BTwe
-]
Finally, combining (3.3) and (3.4), we derive the following linear relation:
p=BTWO=B"BT (e, —¢;) = (BTB)(es — ). (3.6)
=L

Thus, the potential vector (and similarly, the flow vector due to (3.4)) is the solution of a
Laplacian linear system.

Example graph

We revisit our example graph from Figure 3.1, but now from the perspective of the inci-
dence matrix. The incidence matrix B (see Definition 3.2.8) of G and the Moore-Penrose
inverse BT of its transpose are given by

Lero R
0 4 4 0 r_ |54 -
Bzolo_l’ Br=11 1 1 5| 3.7
2 2 2 2 6 6
004 00 3
and the weighted diagonal matrix W is
1 0 0 O
0200
W= 2 (3.8)
00 35 0
000 3

We can now recover the electrical flow # shown in Figure 3.1 by applying Theorem 3.2.10:

|
=

|

|

gl

s,T
T,y

Wo= |V, v | =BT (e, —e) =

ez,t

>

|
Ol AT sl
|

7

7

Wz, t
Oyt

L vVWy,t |

O NI NI |
O NI D=
—_

WIN DUt D= i [—=

OIND Colis Wl =

Wl

This recovers the effective resistance Rs; = 1 + % + 1@6 + % = % Using (3.5), where B

. . -+
and its Moore-Penrose inverse B ' are

1 -1 0 9 4 9

I Pt 7+1§§§

=0 7 2 B'=lo 3 4%, (39)
A IEEE
o0 3
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we find that the resulting potential equals

Wl Wl
—
—

(3.10)

[
OIND Lol Lol
ol I Wl
IR Wl Wl =

ol
O il Lloo |

[an}

confirming that p; = R, = 1.

3.2.3 Accessing the graph ¢

In computations involving a (classical) random walk on a graph G, it is usually assumed
that for any v € V, it is possible to sample a neighbour v € I'(u) according to the distribu-
tion
Prfv] = % where w, := Z W, . is the weighted degree of u.
“ v’ €l (u)

In case of ambiguity to with respect of which graph G the weighted degree is taken, we
write wC.

It is standard to assume this sampling procedure is broken into two steps: (1) sampling
some i € [d,], where d,, := |I'(u)| is the degree of u, and (2) computing the i-th neighbour
of u. That is, we assume that for each u € V, there is an efficiently computable function
fu @ [dy] — V such that im(f,) = I'(u), and we call f,(i) the i-th neighbour of u. In the
quantum case (see Definition 3.2.13 below), we assume that the sample (1) can be done
coherently, and we use a reversible version of the map (u,7) — f,(¢). We will also find it
convenient to suppose the indices i of the neighbours of u come from some more general
set L(u), which may equal [d,], or some other convenient set, which we call the edge labels
of u. It is possible to have |L(u)| > |I'(u)| = d,, meaning that some elements of L(u) do
not label an edge adjacent to u (these labels should be sampled with probability 0). We
assume we have a partition of L(u) into disjoint L+ (u) and L~ (u) such that

L¥(u) 2 {i € L(u) : (u, fuli) € B} = {i € L(u) : fuli) € T+(u)}
L () 2 {i € L(u): (fuli),u) € E} = {i € L(u) : fu(i) € T~ (u)}.
Note that for any (u,v) € E, with i = fot(v) and j = £, (u), any of (u,v), (v,u), (u,i),

or (v, j) fully specify the edge. Thus, it will be convenient to denote the weight of the edge
using any of the alternatives:

W’U,,U g Wv,u = Wu,i = W’U,j‘
For any i € L(u), we set w,,; = 0 if and only if (u, f,(i)) & E.

Definition 3.2.13 (Quantum Walk access to G). For each u € V, let L(u) = L*(u) U
L~ (u) be some finite set of edge labels, and f, : L(u) — V a function such that I'(u) C
im(fy). A quantum algorithm has quantum walk access to G if it has access to the following
subroutines:

* A subroutine that “samples” from L(u) by implementing a map U, in cost A, that acts
as

Uy|u,0) = \/iTu < Z:( )\/vm!u,i) - Z:( )\/VWUW) =: |thu(u)).
€Lt (u €L (u



3.3. Phase estimation algorithms 27

* A subroutine that implements the transition map |u,i) — |v,j) (possibly with some
error) where i = f,*(v) and j = f, (), with costs {T,; = Tuw} (e B

* Query access to the total vertex weights Wy = >, cp () Wu,v-

We call {Te}eeTa’ the set of transition costs and A, the cost of generating the star states.

3.3 Phase estimation algorithms

In this section, we formally define a specific type of quantum algorithm that relies on phase
estimation [Kit96] and describe the components required to analyse such an algorithm. All
algorithms discussed in Part I of the thesis are of this specific form. The quantum algorithm
is introduced here in its most general and abstract form. In Section 3.4, we specialise it to
the case of quantum walks, providing more concrete intuition for the concepts and objects
defined in this section.

Definition 3.3.1 (Parameters of a Phase Estimation Algorithm). For an implicit input x €
{0, 1}, fix a finite-dimensional complex inner product space H, a unit vector |¢y) € H, and
sets of vectors WA, UB C H. We further assume that |1) is orthogonal to every vector in W5,
Let TI 4 be the orthogonal projector onto A = span{ W}, and similarly for IIp.

Throughout Part I of the thesis, ¥ will refer to a set of vectors, whereas Hilbert spaces
will be denoted by calligraphic capital letters.
The parameters (H, |), U, U5) define a quantum algorithm as follows. Let

Uag = (214 — I)(2105 — I). (3.11)

Perform phase estimation of U4z on initial state |¢)y) to a certain precision, measure the
phase register, and output 1 if the measured phase is 0, and output O otherwise. Theo-
rem 3.3.8 at the end of this section describes what is meant precisely by “perform phase
estimation”, which precision is sufficient, and when we can expect the output to be 1 and
when 0.

In practice, unitaries like U 45 that are the product of two reflections are nice to work
with, because if each of U and U2 is a pairwise orthogonal set, implementing U 45 can be
reduced to generating the states in U and U5, respectively. A product of reflections has
sufficient structure to analyse the relevant eigenspaces, as will become clear throughout
this section. Although such a reduction is well-known to be true, we show it formally in
Claim 4.3.7

3.3.1 Negative analysis

The first of the two cases we want to distinguish with a phase estimation algorithm is the
negative case, in which there exists a negative witness. The vectors forming the negative
witness, and later the vector forming the positive witness, will be denoted by kets. How-
ever, it is important to note that these vectors are not necessarily normalised. The negative
witness is defined as follows:

Definition 3.3.2 (Negative Witness). A §-negative witness for (H, |1), U4, UB) is a pair of
vectors |wa), |wp) € H such that |vg) = |wa) + |wg); and |w 4) is mostly in the space A, and
lwg) is mostly in the space B, in the sense that ||(I — I1a)|w.4)||* < 6 and ||(I — Ig)|wg)||* <
4.

For intuition, it is useful to think of the case when § = 0. In that case, there exists a
0-negative witness precisely when [¢0) € A+ B = (A+NBL)L. For the rest of this chapter,
we write Ag for the orthogonal projector onto the span of the ¢?’-eigenspaces of U 4z with
|#| < ©. The negative analysis relies on the effective spectral gap lemma:
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Lemma 3.3.3 (Effective Spectral Gap Lemma [LMR11]). Fix © € (0,7). If |[¢4) € A,
then

S)
Ao (I = p)lpA)ll < 5 llvall-

Lemma 3.3.4 (Negative Analysis). Fix 6 > 0 and © € (0, 7). Suppose there exists a J-
negative witness, |w ), |wg), for (H, |1pg), U4, ¥B). Then we have

G}
1Aelvo)ll < 5 Illwa)ll + 2/6.

Proof. We can apply the effective spectral gap lemma to IT4|w 1) € A, to get

)= Tl > e (T~ Tl — (I = Ta)(T ~ L)) )|

> [|[Ae( —TIp)lwa)|| — [[Ae(I — 1) (I — TLa)|wa)l
> [[Ae(I —TI5)(J1o) — lwi)|l — [[(I — Ta)|wa)|
> [[Ae(I — ) [Yo) || — [Ae(I — Tp)|ws)[| — (1 — a)wa) -

Since |1) is orthogonal to B by construction, and ||(I — I 4)|w)|| < v/¢ and similarly for
B, the lemma follows. Ol

3.3.2 Positive analysis:

We want to distinguish the case where there exists a negative witness (the negative case)
from the positive case, which is the case where there exists a positive witness, defined as
follows:

Definition 3.3.5 (Positive Witness). A §-positive witness for (H,|i), U4, UB) is a vector
lw) € H such that (1glw) # 0 and |w) is almost orthogonal to all |¢)) € WA U U8, in the
sense that ||TLajw) |* < & |[|w)||* and |Is|w)|* < & |[|w)||*.

Again, for intuition, we consider the case where § = 0. A 0-positive witness is exactly
a component of |1y) in (A+ B)*, which exists precisely when |¢y) & A+ B. Thus, the case
where there exists a 0-positive witness is the complement of the case where there exists
a 0-negative witness, so it is theoretically possible to distinguish these two cases. When
d > 0, the two cases may or may not be distinct, depending on ¢, and the overlap between
A and B.

When |w) is a 0-positive witness, it is straightforward to see that

| Aohbo)l| > W

where A is the orthogonal projector onto the (+1)-eigenspace of U,p. For the case of
d > 0, we need the following lemma, analogous to the effective spectral gap lemma.

Lemma 3.3.6 (Effectively Zero Lemma). Fix § > 0 and © € (0, 7). For |¢)) € H such that
ITLal)I* < 6 [[4)]1* and [ Ts|9)|* < & [lw)II*,

4725 |||v) I
02

Proof. Let{0;};c; C (—m, 7] be the set of eigenphases of U 45, and let IT; be the orthogonal
projector onto the % -eigenspace of U4, so we can write

I(7 = Ae)l¥)I* <

Uag =Y "I, (3.12)
Jj€J
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We have (see (3.11))
Uasly) = ) + Alallg|y) — 2114l¢)) — 21g[4), (3.13)

and using the triangle inequality, [|T14]¢)||* < 0]|¥)]|* and |[TIg|¢)||* < 8 ||1)]|%, we can
compute

[ 4TT4TT3]p) — 2T04]w0) — 200g|)||* = [|2(21 4 — I)TIg[w)) — 20T 4|3)) >

(3.14)
< ([2(20a — Dg)| + [|20ale)1)* < 165 ||9)]1*

Thus, by (3.13) and (3.14) and the fact that |¢% — 1|> = 4 sin? % we can conclude that

2
166 |41 = 1Uasl¥) — 917 = Y e — 117 [L[) |
jeJ
. 90O 2 . 2O 2
>dsin = S M) > 4sind (T — Ae)l) .
JET:|0;1>0
Then since sin? % > %%2 whenever © € (—m, ), the result follows. O

Lemma 3.3.7 (Positive Analysis). Fix § > 0and © € (0, ). Suppose there exists a 6-positive
witness |w) for (H, |[tho), U4, UP). Then, letting Ao be as in Lemma 3.3.3,

[(volw)|  2V/om
A > — .
Proof. We compute
[(YolAe|w)| = [(Yolw)| — [{¢ol(I — Ae)|w)] by the triangle ineq.
> [(tholw)| = [[[Yo) || - [(L = Ae)|w)|| by Cauchy-Schwarz
2\[7‘('

> [(olw)| — Il

where we used |||¢)0)|| = 1 and Lemma 3.3.6. Then:

[(wlAolo)l _ [Wolw)| — 28™ llw)ll _ [{Wolw)|  2v/6m

el = Srer o 2 M)l RIS

3.3.3 The algorithm

By Lemma 3.3.7, if there exists a §-positive witness, which happens precisely when there
is some component of |¢) that is nearly orthogonal to A + B, then |) overlaps the ¢%-
eigenspaces of Uy for small 6, say with |#| < ©( for some small-ish choice of ©j. The
precise overlap depends on the size of this component, and allows us to lower bound the
probability that phase estimation of U 45 on |1)y) will result in a O in the phase register. On
the other hand, if |) is actually in A+ 5, then Lemma 3.3.4 upper bounds the overlap of
|1bo) with small phase spaces, where “small” is determined by the parameter © > ©. This
allows us to upper bound the probability that phase estimation of U 45 on |vy), to precision
O, will result in a 0 in the phase register. The key is then to choose the parameter © small
enough so that there is a constant gap between the lower bound on the probability of a
0 phase in the positive case, and the upper bound on the probability of a 0 phase in the
negative case. This leads to the following theorem:
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Theorem 3.3.8. For an implicit input x € {0,1}*, fix the parameters of a phase estimation
algorithm (H, |1o), ¥4, UB) as in Definition 3.3.1. Suppose we can generate the state |1)
in cost S, and implement U 4p = (2114 — I)(2I1g — I) in cost A.

Let ¢y € [1,50] be some constant, and let C_ > 1 be a positive real number that may scale
with |z|. Let 6 and &' be positive real parameters such that

1 3 1
< d <= .
~ (8cy)37w8C_ an ~ driey

Suppose we are guaranteed that exactly one of the following holds:

Positive Condition: There is a -positive witness |w) (see Definition 3.3.5), s.t.

o) o 1
I}~ e

Negative Condition: There is a §’-negative witness |w 1), |wg) (Definition 3.3.2), s.t.

llwa)* < C-.

Suppose we perform T = +/8r*c \/C_ steps of phase estimation of U 45 on initial state |+)y),
and output 1 if and only if the measured phase is 0, otherwise we output 0. Then

Positive Case: If the positive condition holds, the algorithm outputs 1 with probability at

2.25 2.25
least = > Sa-

Negative Case: If the negative condition holds, the algorithm outputs 1 with probability at
most —2—.
T Cq

Thus, the algorithm distinguishes between these two cases with bounded error, in cost

O (s+\CA).

Proof. Let{0;};c; C (—m, 7] be the set of eigenphases of U 45, and let IT; be the orthogonal
projector onto the % -eigenspace of U 45, so we can write

_ 0517 .
U = Ze 11
Jj€J

After making a superposition over ¢ from 0 to 7' — 1 in the phase register, and applying
U, to the input register conditioned on the phase register, as one does in phase estima-
tion [Kit96], we obtain the following state:

1 1 .
> ﬁ“)Uwao) = ﬁ|t>ezwjnj|¢o>-

The phase estimation algorithm then proceeds by applying an inverse Fourier trans-
form, F}, to the first register, and then measuring the result, to obtain some ¢ € [T" — 1]o.
We choose the output bit based on whether ¢ = 0 or not. The probability of measuring 0
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is

-1 2
T itf;
po = || {0Fp @1 —=10e™ M [vo)
jeJ t=0 \/T
2
-1 -1
= {tl@1 > =0T jvo)
= VT jes =0 VT (3.15)
2
T-1
1 1 1 ezGT
=7 UL o) | =5 D [T | Il + [lAolvo)]?
JeJ t=0 JEJ:0;#£0
1 sm2(T0 /2)

_ett

‘ 1— ezQT

since ‘Z;‘F 01 e = ,and |1 — ¢|2 = 4sin?(%) for any 0 € R. We will analyse the
positive and negative cases one-by-one.

Positive Case: Assume the positive condition holds. The existence of a §-positive witness
allows us to apply Lemma 3.3.7. In the following, we will use the identities sin?(0) < 62
for all ¢, and sin?(6) > 47%2 whenever || < 7/2. Let ©9 = «/T. Continuing from (3.15),
we can lower bound the probability of measuring a 0 in the phase register as follows:

1 sin®(76, /2
w2 Y I ) 4 Aokl

jE€J:0<]0]<60 in*(9;/2)

1 4(T0;/2)% /7
3 ( /)2/

. 2 2
>m 3 A M+ ol
2
4 2o 4 [ |(@olw)| 26 (3.16)
= 2 [Aeglto) |7 > 2 ( )| - O )

_A 1 T 1 2
a2 \er  m (8ey)dPmty/CC

4 (1 2Brle /O ! <3)2 1 2251 _ 225
Ver (8eq )32t/ 4 '

T2

2

Negative Case: Assume the negative condition, which allows us to apply Lemma 3.3.4.
In the following, we will use the identities sin?(§) < min{1,6?} for all 6, and sin?(6/2) >
fr—z whenever 0] < 7. Let © = 7 2(c,C_)"'/2. Continuing from (3.15), we can upper
bound the probability of measuring a 0 in the phase register:

1 (T6;/2)? 1
e TQjeroglgjlge (0;/m)* LIl 72 T EJ%:>@ (0;/7)? I35 4011+ 4ol vo)l
2

" ekl + s < = (sl + 27 LT
oIt 7292 = 4 A T ssac e

2

| /\

2
72 \/§ 72
< — | —=VC_+2—"— —rie C_
— 4 2\/C+C_ + 27T2 Cy + SWSC%FC_W “

(1+xf) < 2

IN

2

47T20+ 87’(’ Ct Tom C+'
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To complete the proof, it is easily verified that the described algorithm has the claimed
Ccost. 0

3.3.4 Approximating the optimal positive witness

Consider the case where we have a 0-positive witness, meaning § = 0 in Definition 3.3.5.
There are infinitely many 0-positive witnesses, but there exists an unique optimal positive
witness:

Definition 3.3.9 (Optimal Positive Witness). Let |w) € H be a 0-positive witness for
(H, |1po), T4, UB) s.t. (w|yy) = 1. We say that |w) is the optimal positive witness for
(H7 |17Z}0>a \IJAv \IIB) lf

[|w)|| = min{|||w)]| : |w) is a 0-positive witness for (H, |1ho), ¥4, WB); (w]eho) = 1}.

Fact 3.3.10. The optimal positive witness for (H, |1o), U4, UB) is the unique 0-positive wit-
ness that lies in

(I — )W 4 + span{tho) },

meaning it can be decomposed as

for some (unnormalised) |w4) € WA

Proof. Let |w) be the optimal positive witness for (H, |¢), ¥4, ¥8) and suppose the con-
trary holds, meaning |w) contains a component |w; ) that is orthogonal to both (I —IIg)¥ 4
as well as [ip). Now consider the state |wg) := |w) — |w;), which then must lie in
(I —I1g)¥ 4 +span{|tp) }. Firstly, since by definition I1;|ty) = 0 (see Definition 3.3.1) and
IIz|w) = 0 (see Definition 3.3.5), we find that IIz|wy) = 0 and hence also IIz|w;) = 0.
Secondly, we have (ig|wy) = (Yo|w) = 1, since |w;) is orthogonal to |¢y). Lastly, since
|wy) is orthogonal to (I — IIz)¥ 4 and by definition II 4|w) = 0 (see Definition 3.3.5), we
also have
ILalwo) = Halw) — Malwi) =0 —ILa(I —1IIg)|w:) = 0.

This means that the component |wg) of |w) satisfies all the requirements to be a 0-positive
witness for (H, [vo), U4, UB) itself and its size is strictly smaller than the size of |w), which
is in contradiction with |w) being the optimal positive witness.

The uniqueness of the optimal positive witness now follows as well: suppose that there
are two optimal positive witnesses |w;) and |ws) for (H, |1g), U, U¥). We have just shown
that both |w;) and |wy) — and hence also their sum — lie in (I — IIg)W¥ 4 + span{|¢yp) }. This
means specifically that

((wr] + {wa]) (lwr) = [wa)) = [[[fwi)|* + [w2)||* = 0.

So either |w;) or |wy) has a component in the complement of (I — IIg)W 4 + span{|¢o) },
or |wy) = |ws). Since the former leads to a contradiction, the latter must be true. O

If we are promised to have a 0-positive witness, meaning § = 0, then the phase esti-
mation algorithm of Theorem 3.3.8 provides us with more information then simply a 1-bit
confirmation of that fact that the positive condition holds, i.e. that a 0-positive witness
exists. In fact, the other registers of the phase estimation algorithm contain an approxima-
tion of the optimal positive witness and we can obtain a better approximation by running
more steps of phase estimation.
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Lemma 3.3.11 (Modified Lemma 8 in [Pid19] and Lemma 10 in [AP22]). Fix a phase
estimation algorithm (H, |1o), WA, W5) as in Definition 3.3.1. Suppose we can generate the
state |t)g) in cost S, and implement U ap = (2114 — I)(2Ilg — I) in cost A. Let p be a positive
real number that may scale with |x| and suppose that |w) is the optimal positive witness (see
Definition 3.3.9 and Fact 3.3.10) such that

o) = @H;jin (I ) ).

Then performing T steps of phase estimation of U 45 on initial state |1g) will output that the
2
measured phase is “0” with probability py € [p,p + %], leaving a state |w) satisfying

|w)(w]
)

1772 [[lwa) |

) (@] - o

1
2 o

Proof. Due to (3.16), we know that we lower bound the probability of success by || Ag|1o)||-
Since we are dealing with a 0-positive witness, we hence know that

o> [Aolu)]? = LR —

We note that the second inequality in the above equation is in fact an equality, due to
Lemma 3.3.3:

2 2

w) <p (317)

o (1) = VB )

|w)

[l

For the upper bound, we continue where we left off in (3.15) from the proof of Theo-
rem 3.3.8:

2 ‘

T ‘

l

Jw)
AovPa

Ao/D

1 sin?(70, /2
wogm > T B L)l + ol (3.18)
jero,#0 MY

We split this sum into two parts, depending on whether the value of ¢, is smaller or larger
than \/1/(T |[|w)||). In both parts, we make use of the identity sin?(f) < min{1,6?} for
all # and we abbreviate |p) = ﬁ By inserting the same resolution of the identity as in

(3.17), we upper bound the first sum as

1 sin?(70;/2) 9
— el Sl VA | 3.19
T2 > Sn2(9;/2) [ITL; [0} | (3.19)
JEJ:0<0;</1/(T[lwa)l)
1 sin?(76;/2) 9 5
< — — L (|1 - I1;
<72 > 72y (I (00) = VBIDI® + ML le) )
G€7:0<0;<\/1/(T[[lwA))
1 sin?(70;/2) 9
- o A I L —
GET0<0;1</1/(Tllwa))
1 2T ||[wa) |
< — .o,
< Z 1 AT by Lemma 3.3.3
GET0<6;1</T/(TMMw ) )
2 |[Jwa)]|

2
< T (3.20)
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For the second sum, we additionally use the bound sin?(#/2) > fr—z whenever |0| < 7:

1 sin?(70;/2) 1 2

7 X amary WWIPSm X Lol
3€J:10512/1/(T|[[wa) ) GEJ:1051>\/ 1/ (Tfwa)) 7
™ [[Jlwa) o _ 7 |lwa)

< —F > Ijl0) | < (3.21)

3€J:10512/1/(T|[wa)ll)

By substituting the upper bounds from (3.17),(3.19) and (3.21) into (3.18), we conclude
that

) 72 [lwa)ll | 7w [[|wa)l p:177f2|||w,4>||
0= ""16T T 16T

Finally, let |w) be the (normalised) post measurement state after measuring 0. We
abbreviate PE for the phase estimation algorithm followed by the projection onto mea-
suring 0, as described in (3.15), such that |w) = \/%PEWJCO. Note that since |¢) is an
1-eigenvector of U, we have |p) = PE|p), meaning we can conclude the lemma via the
inequality

2
S @)@~ el < /1 - Kalo)l? = \/1 . Wl;fl@l

1772 [[[wa) |
16Tp

3.4 Quantum walks and electrical flow

We now discuss how a quantum walk search algorithm works in the electric network
framework from [Bel13] and how it intuitively connects to electrical networks. Later
constructions, such as the ones in [AGJK20] and [AGJ20] that were modified to not only
detect, but also find, are in essence similar.

In this thesis, the intuition of what a quantum walk algorithm entails should not be
an accelerated random walk (as in [AS19]). Instead, our quantum walk algorithms are
phase estimation algorithms, whose parameters are initialised and whose complexity is
analysed through random walks and electrical networks. Although there already exists
a relationship between the analysis of random walks and electrical networks, see for ex-
ample [LP16], we will see that this relationship is even more explicit when it comes to
the electrical network framework. The initialisation, and consequently the analysis, of
the phase estimation algorithms is by no means unique. In the remainder of this chapter,
as well as in Chapter 6, we consider the initialisation when the edge labels from Defini-
tion 3.2.13 are simply the vertices themselves and where we do not consider any networks
with length as in Definition 3.2.7. In Chapter 4 we consider a more general initialisation
of the phase estimation algorithm involving both non-trivial edge labels and networks
with length. In Section 4.4 we will discuss the differences and similiarity of these two
initialisations in more detail.

Fix a network G = (V, E,w) and vertices s,t € V. We will suppose for simplicity that
o is supported on this single vertex s, and either M = () or M = {t}. This graph can
be given to us as part of the search problem that we are trying to solve, as is the case
in the welded trees problem in Section 4.4, but we can also model our search problem
to a graph problem, as we do in the k-distinctness problem in Chapter 5. We make a
slight modification to our graph, which is common trick in quantum walk algorithms to
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: < 50 : <
Vo Vo

Figure 3.2: Example of a graph G with Vj C V(@) and the induced graph G’ that is
obtained from G by adding a new vertex sg. This new vertex is connected to every vertex
u € V via an edge of weight wyo,.

improve the final complexity of our phase estimation algorithm. Let G’ be the graph G
with a single extra vertex sy, connected to s via an edge with weight wy. We consider the
direction (so, s) to be part of the directed edge set E'(G’). This modification is shown in
Figure 3.2 for when o is supported on a set V; C V(G). This modification only allows
for a slightly improved final complexity, but to gain a conceptual understanding of the
algorithm, one can also ignore this modification and simply read s to be s.

3.4.1 Initialising the phase estimation algorithm

To initialise our phase estimation algorithm as in Definition 3.3.1, we start by defining our
Hilbert space, which we choose to be the edge space of our modified network G’:

H = span{|u, v) : (u,v) € E(G')}}. (3.22)

Note that each edge (u,v) € E(G’) “appears twice” in H: both as |u,v) and |v, u), which
are orthogonal states in . This also means that intuitively our quantum walk will “walk
on edges”, where as a classical random walk on a graph usually takes place on its vertices.

For each vertex u € V(G’), we define the normalised star state of u € V(G') with
respect to the graph G’ as

1

W) = —= | D Vshev) = >0 VWl )
v \wverg, (w vel';, (u) (3.23)
WG’ Z B VWav|t; ).

vel g (u

Because the star states are taken with respect to the graph G’, we must not forget that
so € I'i(s). Here for any (u,v) € E(G’), the quantity A, is equal to 0 if (u,v) € ﬁ(G’)
and 1 if (v,u) € E(G’), where we recall that (sg,s) € E(G’). The construction of these
star states is consistent with the one from Definition 3.2.13, by viewing the vertices as

labels, meaning f,(v) = v for every edge (u,v) € E(G’). These star states are used to
construct the set of vectors ¥ 4 C H as follows:

W= {0 () € V(G)\ ({50} UM)}. (3.24)

Its span, denoted by A, then forms the star space of H. The other subspace is constructed
from

Ui = {|u,v) — |v,u) : (u,v) € E(G')}. (3.25)
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Its span, denoted by B, forms the antisymmetric subspace of 7. Under these choices of
‘H, ¥ 4 and ¥, the unitary U 4p is now known as the quantum walk operator

Uap = (24 — )25 —I) = =SWAP (2 3" [ () (w)| - 1] . (3.26)
weV (G )\{so0,t}

Here SWAP acts as SWAP|u, v) = |v,u) for any |u,v) € H.

The last parameter according to Definition 3.3.1 is the initial state |1)y) € B+ on which
we will run the phase estimation of U4p. By our choice of B, the space B+ forms the
symmetric subspace of H and is spanned by the following set of states:

{lu,v) + |v,u) : (u,v) € E(G")}. (3.27)

To construct |¢y), we take the star state |/, (sg)), which can be seen as a quantum sample
of the initial distribution ¢ (which in our case is only supported on s), and take its its
normalised projection onto B-=:

Yo) := V2(I —TIg)[tu(s0)) =

1
=5 (Is0, ) + s, 50)) - (3.28)

3.4.2 Detecting a marked vertex

Having initialised our phase estimation algorithm, we can now run it and use Theo-
rem 3.3.8 to distinguish whether the positive or negative condition holds. By linking
the existence of a marked vertex to these conditions, we end up with a quantum walk
algorithm that detects the existence of a marked vertex.

The positive condition: M = {t¢}

Suppose M = {t}, how do we use this fact to construct a positive witness as in Defini-
tion 3.3.5. We may assume that there is a path from s to ¢ in G, otherwise a random walk
from s will never find ¢. This means that there exists a unit s-¢ flow on G. For every such
s-t flow 6 on G we can create a (normalised) flow state, which is a quantum representation
of the flow living in B+ (see (3.27)):

1 0
16) = > Y (Ju, v) + v, u)) . (3.29)
2£(9) B Vo

It might seem slightly counterintuitive that the flow state lives in the symmetric subspace,
since we saw in Section 3.2.2 that the s-t flow 6 as in Definition 3.2.3 could be interpreted
as a vector 6 in the symmetric subspace of CE(G), satisfying 6,, , = 6,,,,. By Definition 3.3.5
however, we know that a 0-positive witness lies in both A' and B+, the latter of which
we have now guaranteed. To obtain a state A", we are interested in an so-t flow 6§’ on
G’, which we can construct from s-t flow 6 by sending one unit of flow along the edge
(so,8) € E(G’ ) (with wy, s = wp). By (3.29), its corresponding flow state then becomes

1
0 = ———— 2P (lu,v v, U
) 2(5(9,))(%”)%@ () + o, )

(3.30)

1 0 1
_ Z Vt <\u,v>+!v,u>)+v7(\so78>+!8750>>
V2 (E(0) + 1/wp) (uﬁv)eﬁ(G)\/ u,v 0
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To ensure orthogonality with A+, note that this is precisely the space orthogonal to all star
states of vertices in V(G’) \ {so,t}. By Kirchhoff’s Law (see Definition 3.2.5), we know
that each flow state |6’) must be orthogonal to such star states: if the so-t flow 6 goes
through a vertex u € V(G') \ {so,t}, it is supported on 2 of the edges adjacent to u, one
contributing —1 because it goes into u, and the other +1 because it comes out of u. More
formally, we have for any vertex u € V/(G’) \ {so, t} that

/

/ 0
W W0 o Y (—D)A A (uye] Y = (|u,v) +|v,u))  see (3.23)

v Wy, v
vel gr(u) (u,v)EE(G’) )
= Z (_1)Au,v9:}l’v + Z (_1)Au,v9;’u — Z 9’/LL,’U = 0’ (3.31)
vel"g, (u) yerg, (u) vel gr(u)

where we used the fact that (—1)*»* = 1 when v € I';,(u) and (—1) if v € T (u),
that 0, , = —0,,, and that ¢ is an so-t flow on G’, meaning it is conserved at every

u,v?

u € V(G")\ {so0,t}. It follows similarly that |¢#’) has non-zero overlap with our initial state:

(ol0) ! L Gsosl+{sso) Y 5 0 4 o)
0|0) = — ({sq, s 8,80 U, v v, U
V2(EO) + 1/wo) V2 R oy VI )

; (9’ —y ) — ;
2v/WoE(f) +1 % % woé(6) + 1

We have hence derived that |¢’) is a valid 0-positive witness for every s-¢ unit flow 6.
But what would be the optimal positive witness, as defined in Definition 3.3.9. For now,
let us assume for simplicity that the optimal positive witness is equal to |#') for some s-t
unit flow 6 (we will see in the proof of Corollary 3.4.2 that this must indeed be the case).
Then by Definition 3.3.9 and (3.32), the optimal positive witness is given by

|lw) = argmin {H\/WOS(H) +1]¢")
/WoE(0)+116)

This means that the optimal positive witness is given by

|w) = \/woRs + 1|6), (3.39)

. 0 is a s-¢ unit ﬂow} . (3.33)

where 0 is the s-t electrical flow (see Definition 3.2.3). To ensure that |<|1|‘|’1|$(|)|>2|2 is at least a
constant as required by Theorem 3.3.8, we set wg = %t This is valid choice of wy, as it
yields
WoRsy +1=2, (3.35)
meaning that it satisfies
2
1
i)l _ 1 536
[lw)l 2

The negative condition: M = ()

On the other hand, suppose M = (). Contrary to the positive case, this means that the
star state of ¢ is now one of the states spanning .A. We can make use of this to decompose
our initial state [iy) into a component |w4) € A and a component |wg) € B to create
a negative witness as in Definition 3.3.2. First, observe that any two distinct star states
[WC" (1)), [4C (v)) are orthogonal, since the former is supported on states of the form |u, w)
with w € I'c/(u), where as the latter is supported on states of the form |v,w) where
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w € I'er(v). Hence, by taking the sum over all star states of vertices in V(G), which lies
in A since M = (), no interference occurs and we obtain a weighted sum over all edges in
E(G"):

ST G ) = s, so) + Y (—D)Re

ueV(G) (u,0)€E(Q)

V). (3.37)

Note that the above equation almost lies in B (see (3.25)), as
S DA Waglu, vy = W ([u, ) — [v,u) € B. (3.38)
(u0)EE(G) (u)e B(G)

From these two observations, we derive the following choice for our negative witness. Let

R AT

lwa) =

ueV(G) \/VTO
) = s s0.8) ~ o)+ 30 Yo () = o). (3.39)
(u0)€ B (G)
Then by (3.37) and (3.38) we find that
wa) + [wg) = V2|s, s0) + \}5(!80’ s) — [s, s0)) = 7(|50a s) +1s,50)) = [¢o).  (3.40)

The complexity

Having satisfied all the requirements in Theorem 3.3.8, we can now use it to analyse the
complexity of our phase estimation algorithm that detects whether the vertex ¢ is marked:

Corollary 3.4.1. Fix a network G = (V, E,w) as in Definition 3.2.1 with vertices s,t € V.
Let Uyp be the quantum walk operator as defined in (3.26). Then by performing T =
2v/87%\/Rs 1V + 2 steps of phase estimation on the initial state |1o) as defined in (3.28)
with the operator Up, the phase estimation algorithm distinguishes whether M = {t} or
M = () with bounded error.

Before we prove this statement, we note that it is straightforward to extend this ap-
proach to general o and a marked set M that contains possibly more vertices than just ¢.
Our general multidimensional quantum walk framework in Section 4.3 will be able to deal
with these more general cases, and it will also take into account the cost of implementing
Uap, as well as generating the initial state |vy).

Proof. Since we already constructed our positive witness in (3.34) and our negative wit-
ness in (3.39), we only have to compute the quantities ¢, and C_ from Theorem 3.3.8.
We have already seen in (3.36) that

[(wlvo) 1

([

meaning c¢; = 2. Since we also chose wy = z'—, we find by (3.37) that

? >

lwa)|? = 2Ras || —vWols, s0) + D (1) Wy

(u,w)EE(Q)

= Q’R,s’t Z We +wg | = RSJW + 2,
ecE(G)

meaning C_ = R,V + 2 suffices. O
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When applying Corollary 3.4.1, or even our more general multidimensional quantum
walk framework in Section 4.3, it is sufficient to provide an upper bound on the quantity
R, (and W). Instead of trying to construct and upper bound the energy of the electrical
s-t flow, we can simply construct any unit s-t flow and upper bound its energy, as this will
always be an upper bound on R, ;. A nice way to interpret this is that the quantity R,V
is equal to the commute time from s to t — the expected number of steps a random walker
starting from s needs to reach ¢, and then return to s. For a discussion of how to interpret
this quantity in the case of more general o and M, see [AGJ20].

3.4.3 Approximating the electrical flow

We can use the same initialisation of the parameters of our phase estimation algorithm, to
invoke Lemma 3.3.11 and exhibit an algorithm that approximates (a normalised version)
of the optimal positive witness, which in our case (see (3.34)) is the flow state |#’), con-
structed from the s-t electrical flow 6. In fact, given an e-approximation of |#’), we show
that with high probability we can obtain an e-approximation of |)

The only unknown quantity yet in Lemma 3.3.11 is |w4) (not to be confused with |w )
from the negative witness in Definition 3.3.2). This will be equal to the (unnormalised)
state associated with the induced potential vector p corresponding to the s-t electrical flow
f (with the convention that p; = 0):

2
p) = R > puvWalyd (w). (3.41)
T ueV(G)\{s}

In [Pid19, AP22], this potential state |p) is used to apply Lemma 3.3.11 and show that
by running phase estimation on the quantum walk operator U 45, we can obtain a close
approximation to the flow state |¢). The precision required in this phase estimation algo-
rithm scales with a quantity that [AP22] define as the escape time ET:

1 2
ET, := o Z p2w,. (3.42)
" ueV(G)

This operational meaning of this quantity, is that it captures the expected time where a
random walk leaves s for the final time, before it arrives at .

Corollary 3.4.2. Fix a network G = (V, E,w) as in Definition 3.2.1 with vertices s,t € V.
Let Uap be the quantum walk operator as defined in (3.26). Let 6 be the s-t electrical
flow on G with corresponding flow state |0) as defined in (3.29). Then by performing T =
1é\7/7r§252 VET + 1 steps of phase estimation on the initial state |1)) as defined in (3.28) with
the operator U sp, the phase estimation algorithm outputs “0” with bounded error; leaving a

state |0) satisfying

> @@ - 10, <e

Proof. We will write 6 for the s-t electrical flow on G and ¢’ for the so-t electrical flow
on G'. First, recall our choice of positive witness |w) = 1/2|¢') from (3.34). We claimed
that this was in fact the optimal positive witness, but we have not yet proven this claim.
The optimality of |w) was not needed to use the phase estimation algorithm to detect a
marked vertex, but it will be necessary if we want to use Lemma 3.3.11. Since 6’ is the
so-t electrical flow on G’, we know by Ohm’s Law (see Definition 3.2.6) that there exists a
potential p’, with p; = 0.
1

P;O = Rso,t = Rs,t + Wi() = 2Rs,t7
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and satisfying p, — p, = \flzz for each edge (u,v) € E(G). By (3.41), the corresponding
potential state of p’ is

W)=y o S el /we [ () - Rl )

Rt ue€V(G)\{so} L uev(a)

This potential allows us to decompose the flow state |f’) from (3.30) as

/

1 0
0") = > = (|u, v) + |v, u))
2./ Rs Wau,v
m (uw)€E (G")
2\/7 Z (\/ Wuy’U(p'/u - p;)|u,v> + (p; - p;)\/Wu,U‘U; u>)
WeEE ()

1
- (I +SWAP) YAur Aol

ueV(G@) velw(u )

R, P/ WS 1 () see (3.23)
uEVZ(G’

— (I~ Ta)lp!) + (I - nswgpgomm(s()»

= (I —g)

———2/Rst|ths(50)) = (I — Tg)|p') + V2[ho). see (3.28)
(3.43)

= (I —Tg)|p') + (I — 1p)

F

This can be rearranged to

1
~10') — (I - 1p)—=|p
V2 V2
Since p; = 0, we immediately have by its definition in (3.41) that |p’) € A, meaning
we have shown that our choice of |w) was in fact the optimal positive witness due to
Fact 3.3.10. Hence, by applying Lemma 3.3.11, with |wy) = %|p’), we find that the

o) = ).

resulting state after running phase estimation on the quantum walk operator U4p with
initial state |t)) is approximately the so-t electrical flow state |#'). To turn this into |6),
observe that due to (3.30) we can decompose

(,/27@ (150, 8) + |5, 50)) + \/ms,tw)) . (3.44)

1
) = 57—
2/ Rst

By (3.35) we therefore know that if we postselect on our edges not containing the vertex
s0, we are left with |#) with success probability 1/2.

Lastly, by Ohm’s Law (see Definition 3.2.6) it is straightforward to see that the poten-
tials p and p’ coincide on V(G), meaning we can relate |||p’)|| to ET; (see (3.42)) as

- s w1
1p")]|” = D Pwl =

St uev(a) 5t

Z piwu + Rsiwo = ET, + 1. O
ueV(G)

In this section, we have shown what we mean with quantum walks in the electrical
network framework, namely phase estimation algorithms of the specific form from Theo-
rem 3.3.8, initialised with objects originating from random walks and electrical networks.
Table 3.1 summarises this initialisation.
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Phase estimation Quantum walk
H span{|u,v) : (u,v) € E(G")}
1
NG ) + 9
Definition 3.3.1 Vo) V2 (150, 8) + s, 50))
V4 {lthx(u)) : w € V(G)\ ({s0} U M)}
U {Ju,v) = v, u) : (u,v) € E(G")}
C- Rs W +2
Theorem 3.3.8 |w) ‘%(—f;) |6 for any unit so-t flow ¢’
[wa) ~ Yuevic) VWG Raaltd (w)
(@)
|w > %(‘3073> - ’3730»
b + Z(u,v)eB(G) V 2Wu7vR87t (‘Ua 1)) - |Ua u>)
lw) /2|0’ with ¢’ being the so-t electrical flow
Lemma 3.3.11
L |p), with p’ being the potential
|w.a) var e .
corresponding to the sg-t electrical flow

Table 3.1: A summary of how we initialise the phase estimation parameters in Section 3.4,
as well as the parameters in Theorem 3.3.8 and Lemma 3.3.11, by using states and spaces
whose construction is inspired by objects from random walks and electrical networks.

3.4.4 Example graph

We return to our example graph from Figure 3.1, which is shown again here in Figure 3.3
for convenience. The directed edges and weight assignments in the network G give rise to
the following star states (see (3.23)) for each of the four vertices:

() = I ), e =3 (~lossh + gloa) + ).
u) = V2 (=gl + 310 ) 1) = VE (=gt~ 5l )

The flow state |0) (see (3.29)), corresponding to the s-¢ electrical flow  visualised in
Figure 3.3, is given by

3 2 2 4 4 4 2
0) = (1) +1o8) + Sl + Sl + Glovt) + gloca) + 36+ 2l )

It is straightforward to verify that |0) is orthogonal to the star states |¢,(x)) and |¢4(y))
corresponding to the vertices = and y, respectively. The resulting potential state |p) (see
(3.41)) corresponding to the potential visualised in Figure 3.3 is

8 4 4 2 2
- - - e Sy, ). 3.45
p) = =3z, s) + glo,y) + Sle.t) = ly @) + Sy 1) (3.45)

3.5 Model of computation and quantum subroutines

Our quantum walks work in the (fully quantum) QRAM model, which we now describe.
By QRAM, we mean quantum memory, storing an arbitrary quantum state, to which we
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Figure 3.3: Graph G with its s-t electrical flow 6 and corresponding potential p at each
vertex.

can apply random access gates. By this, we mean we can implement, fori € [n], b € {0, 1},
and z € {0,1}", a random access read:

READ : [i)|b)|x) > |i)]|b @ x;)|x),
or a random access write:
WRITE : |Z>|b>|l‘> — |Z>|b)|.§l)1, ey T 1, T B by T, ,l‘n>,

on any superposition. By applying READ - WRITE - READ, we can implement a controlled
SWAP:

READ - WRITE - READ(’Z)’I))’(L‘)) = ‘Z>‘.’IJ2>’1‘1, ey i1, b, Lid1y--- ,.ZL'n>.

Aside from these operations, we count the number of elementary gates, by which we mean
arbitrary unitaries that act on O(1) qubits.

We will be interested in running different iterations of a subroutine on the different
branches of a superposition, for which we use the concept of a quantum subroutine. We
note that Definition 3.5.1 is not the most general definition, but it is sufficient for our
purposes.

Definition 3.5.1 (Quantum Subroutine). A quantum subroutine is a sequence of unitaries
Uo,. .., Ur,,..—1 0n Hz = span{|z) : z € Z} for some finite set Z. For X,Y C Z, we say the
subroutine computes an injective function f : X — Y in times {T, < Tax}zcx With errors

{Gz}xGX lf
1. The map Zt:‘““o‘“_l |t)(t] @ Uy can be implemented in polylog(Tax) complexity.

2. Fordlze X, ||f(x)) —Ur,—1...Us(|a)]|* < e

3. The maps  — T, and y — T-1(,) can both be implemented in polylog(Tmax) com-
plexity.

4. There exists a decomposition Z = |J, .y Z: such that z, f(x) € Z,, and for every
t € [Tmax — Lo, Uz ... Uplz) € span{|z) : z € Z,}.

While not all of our assumptions are general, they are reasonable in our setting. Item
1 is standard in subroutines that will be run in superposition (see e.g. [Amb10b]), and
is reasonable, for example, in settings where the algorithm is sufficiently structured to
compute U, from a standard gate set on the fly, which we formalise in Lemma 3.5.2 below
(see also the discussion in [CJOP20, Section 2.2]).

Item 3 is not always necessary, but it is often true, and simplifies things considerably.
It means, in particular, that one can decide, based on the input, how many steps of the
algorithm should be applied, and then, based on the output, uncompute this information.

Item 4 is not a standard assumption, but it is also not unreasonable. For example, if
X = X' x {0} and f(x,0) = (x, g(x)) for some function g, the algorithm may simply use
x as a control, and so its state always encodes x, and therefore remains orthogonal for
different z.
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Lemma 3.5.2. Call unitaries Uy, ...,Ur,,.—1 on H a uniform quantum algorithm if there
exists ¢ = polylog(Tmax), unitaries Wy, ..., Wy, and maps g : [Tmax — 1o — [¢] and ¢’ :
[Tmax — 1]o — 20°gdim ] sych that:

1. For each j € [{], W; can be implemented by polylog(Tmax) gates from some implicit
gate set (and therefore acts on m = polylog(Tyax) qubits).

2. g and ¢ can be computed in polylog(T,ax) complexity.

3. Forall t € [Tmax — 1o, Uy = Wy (g'(t)), where W,(S) denotes W, applied to the
qubits specified by S.

Then th“‘oa"_l |t)(t| ® Uy can be implemented in polylog(Tmax) gates.

Proof. We describe how to implement 3"~ |t)(t|@U; on |t)|2) for |2) € H. Append reg-
isters |0) 4|0) 4» € span{|j, S) : j € [{]o, S € S}, where S is the set of subsets of [log dim H]
of size at most m. Compute ¢(t) and ¢'(t) to get [t)|2)|0).4]0)ar — [6)]2)|g(¢)) alg’(t)) ar.
Controlled on ¢'(t), we can swap the qubits acted on by U, into the first m positions. Then
we can implement Z§:1 17)(J] ® W; 4+ 10)(0| ® I by decomposing it into a sequence of ¢
controlled operations:

Hj=1 (15 Gle W+ = 1H(heT).

The result follows from noticing that each of these ¢ = polylog(T,ax) Operations can be
implemented with polylog(Tmax) controlled gates. O

Lemma 3.5.3. Fix a constant integer ¢, and for j € [c], let S; be a quantum subroutine
on H; = span{|j)} ® H for some space H that takes time {T, = T;}.cx,; with errors
{ez = €j}uex;. Then there is a quantum algorithm that implements > %_, |j)(j| ® S; in
variable times T;, = O(T;) and errors €, = €; forall v € X;.

Proof. Pad each algorithm with identities so that they all have the same number, T.x =
max;e|q Tﬁﬁ;x of unitaries. Then for each time ¢ = [¢Tax — 1]o, With t = gc+1r for r € [c]o,

let Uy = [r){(r| @ U 4+ (I — ) {r]) @ L. =

3.5.1 Quantum data structures

We will assume we have access to a data structure that can store a set of keyed items,
S C I x K, for finite sets K and Z. For such a stored set S, we assume the following can
be implemented in polylog(|Z x K|) complexity:

—

. For (i,k) € T x K, insert (i, k) into S.

2. For (i, k) € S, remove (i, k) from S.

3. For k € K, query the number of i € Z such that (i, k) € S.
4. For k € K, return the smallest 7 such that (i, k) € S.

5. Generate a uniform superposition over all (i, k) € S.

In addition, for quantum interference to take place, we assume the data structure is
coherent, meaning it depends only on S, and not on, for example, the order in which
elements were added. See [BLPS22, Section 3.1] for an example of such a data structure.







CHAPTER 4

Multidimensional quantum walks

Upward, not Northward!

Edwin A. Abbott, Flatland: A Romance of
Many Dimensions

This chapter is based on Section 3 and 4 in the paper Multidimensional Quantum Walks,
with Application to k-Distinctness [J723], which is joint work with Stacey Jeffery.

While (discrete) quantum walk frameworks make it easy to design quantum algorithms,
even without an in-depth knowledge of quantum computing, their primary drawback is
that they can provide at most a quadratic speedup over their classical counterparts. In
this chapter, we present a new framework for designing quantum walk search algorithms
that overcomes this limitation, which we call the multidimensional quantum walk
framework. By leveraging the novel concept of alternative neighbourhoods, this
framework allows for a significantly more efficient implementation of the quantum walk
operator. After introducing our framework, we demonstrate its power by applying it to
the welded trees problem from [CCD 03], solving it in O(n) queries and O(n?) time.
This result shows that our new quantum walk framework is capable of achieving
exponential speedups.
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4.1 Beyond the electrical network framework

We have seen in the previous chapter that the electrical network framework from [Bel13]
provides a powerful, yet intuitive recipe to construct quantum walk algorithms. In Ta-
ble 3.1 we saw how the phase estimation parameters correspond to objects from random
walks and electrical networks. Only by viewing the resulting quantum walk algorithm
from both perspectives, can we obtain insights into how this framework can be further
improved.

4.1.1 Edge composition

The first improvement to the electrical network framework comes from seeing our quan-
tum walk as a random walk on a graph. To implement the unitary U4z, we perform a
mapping that acts, for any u € V(G), as |u,0) — [¢& (u)) (the star state of u with re-
spect to the modified graph G’). Loosely speaking, what this usually means is that we
have a labelling of the edges coming out of u, and some way of computing (u,v) from
(u,1), where v is the i-th neighbour of w. If this computation costs T, , steps, then it takes
O(maxy,, Ty,) steps to implement Uyz. However, in case this cost varies significantly
over different u,v, we can do much better. We show how we can obtain a unitary with
polylogarithmic cost, and essentially consider, in the analysis of the resulting algorithm,
a quantum walk on a modified graph in which an edge (u,v) is replaced by a path of
length T, , + 2, which we name edge composition. A similar result was already known for
learning graphs, when a transition could be implemented with T, ,, queries [Bel12b]. This
is an extremely useful, if not particularly surprising, feature of the framework, which we
use in our application to k-distinctness in Chapter 5.

4.1.2 Alternative neighbourhoods

The second improvement comes from interpreting our quantum walk as purely a phase
estimation algorithm and it is the more interesting way how we augment the electric net-
work framework. In order to generate the star state of a vertex u, which is a superposition
of the edges coming out of u, one must, in some sense, know the neighbours of u, as well
as their relative weights, which is also the true for the update step in classical random
walks. In certain settings, the algorithm will know that the star state for u is one of a
small set of easily preparable states U, (u) = {[wL(u)),|2(u)),...}, but computing pre-
cisely which one of these is the correct state would be computationally expensive. In that
case, we include all of ¥, (u), which we call the set of alternative neighbourhood of u, when
constructing the spaces A and B. In the case when M = () in Theorem 3.3.8, the analysis
is the same — by increasing .4 + BB, we have only made the analysis easier. However, in the
case M # (), the analysis has become more constrained. There are now some extra states
in A + B and constructing a positive witness from the s-¢ electrical flow — or any related
electrical network object—may no longer be feasible.

We explain the alternative neighbourhoods technique more in-depth with examples in
Section 4.2. We first remark on the unifying idea from which both these techniques follow,
which incorporates both the random walk, as well as the phase estimation perspective. If
we let {|¢«(u)) }uev be any set of states, we can make a graph G on V by letting v and
v be adjacent if and only if (¢, (u)|i)x(v)) # 0. Then, if this graph is bipartite, and we
can reflect around the span of each state individually, we can reflect around the joint
span{ |y (u)) : w € V}. Quantum walk search algorithms can be seen as a special case of
this, where we additionally exploit the structure of the graph to analyse the complexity of
this procedure. One way of viewing alternative neighbourhoods from the graph picture, is
that we extend this reasoning to the case where we have spaces {span{ ¥, (u)}}.cv, each



4.2. Alternative neighbourhoods 47

of which we can efficiently reflect around, and G is now a (bipartite) graph encoding the
overlap of the spaces, hence the qualifier multidimensional.

Edge composition also exploits this picture. We can define a sequence of subspaces
{\I/;"”};r:“f that only overlap for adjacent ¢, and such that the subroutine computing |v, 5)
from |u, i) can be seen as moving through these spaces. Now the overlap graph of all these
spaces will look like G, except with each edge (u,v) replaced by a path of length T,, ,, + 2.
See Figure 4.7 and Figure 4.9 for examples of such overlap graphs.

4.2 Alternative neighbourhoods

As discussed earlier, the multidimensional quantum walk framework modifies the quan-
tum walk operator through the use of alternative neighbourhoods.

Definition 4.2.1 (Alternative Neighbourhoods). For a network G = (V, E,w), as in Def-
inition 3.2.1 and Definition 3.2.13, a set of alternative neighbourhoods is a collection of
states:

U, = {W,(u) Cspan{|u,i):i € L(u)} :u eV}

such that for all u € V,

1
thi(u)) = VW Z vV Wu,i|u’i> - Z vV Wu,i|u’i> € Wy (u).
o \dieLt (u) ieL—(u)

We view the states of U, (u) as different possibilities for |[1)C (u)), only one of which is “correct.”
Let dyax = max{|L(u)| : u € V}. We say we can generate ¥, in complexity A,, for some
A, = Q(log dmax), if there is a map U, such that:

* for each u € V, there is an orthonormal basis W(u) = {|{0)-- - |[Vya, 1)} for
span{W,(u)}, such that for all k € [a,)], Us|u, k) = |t k), and

* U, can be implemented with complexity A.,.

In Definition 4.2.1 we never exclude the possibility that the dimension a,, of the alter-
native neighbourhood ¥, (u) is equal to one, in which case we will assume without loss of
generality that W(u) = {[, o)} = {[¢«(u))}. If that is the case, we will say that u has no
additional alternative neighbourhoods. Without loss of generality, since |/, (u)) € Uy (u),
we assume that [, o) = [¢«(u)) for any ¥, (u).

By adding the additional alternative neighbourhoods to the set ¥ 4 spanning A, we
obtain

U g = {[t05) 1w € VA ({s0} UM),i € [au]}.
We hence obtain the modified quantum walk operator

UAaItB == (QHAaIt - I)(2HB - I), (4.1)

where II 4.r is now the orthogonal projector onto A% respectively, meaning

Ay —1

2 pate — I =2 Z Z WuJ@uz’ — I

uweV\{so,t} i=0

In our applications, these alternative neighbourhoods tackle the problem where it
might be computationally easier to generate ¥, (u) instead of |¢,,), which we elaborate
on in Section 4.2.2 and 4.2.3. Essentially, these alternative neighbourhoods allow us to
prove a version of Corollary 3.4.1 which we will state in Section 4.3, where we are able to
(potentially drastically) reduce the cost of applying the walk operator U 45. However, we
will see that this might come at the cost of increasing the effective resistance R ;.
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w,,, for each (u,v) € E 0., for each (u,v) € E

Figure 4.1: Graph G with its s-t electrical flow 6.

g2, for each (u,v) € E

Figure 4.2: Graph G where the coloured vertex z has additional alternative neighbour-
hoods (see (4.2)). A unit s-t flow ' is displayed, whose corresponding flow state forms
a 0-positive witness with respect to these extra alternative neighbourhoods

4.2.1 Example graph

To see how alternative neighbourhoods work, we once again return to our network from
Figure 3.1 (without edge labels). Recall that each edge (u,v) € E has a weight of w,, , =
1/4, except for the edge (s, x), which has a weight of w, , = 1. This is visualised here in
Figure 4.1, along with the s-t¢ electrical flow 6 on G.

Now suppose that for some abstract reason it is computationally infeasible to generate
the star state |/, (z)), but it is straightforward to generate the following set of alternative
neighbourhoods for x:

W, (@) = {[tl@)), 02" (@) }

= {\/g <—\9375> + %\x,w + ;Lr,t)) 7\/2 <;|x,s> — |z, y) + ;|x,t>> } “2

We could have added the third option \/g (—lz, s) + S|z, y) + |z, 1)) to U, (z) as well, but
this state is a linear combination of |, (z)) and |¢2'(x)) and is hence already contained
in A", If we were to now try and apply Theorem 3.3.8, we could no longer use the flow
state |0) of the s-t electrical flow # on G as a 0-positive witness: in (3.31), we saw how
(1«(x)|0) = 0, which is required for |) to lie in A+ by Definition 3.3.5. However, the same
0-positive witness would not work for 42", since

O S A 1 DR - R s U ORI SRR O
(2 (x)|0) = 28(9)(\/;2<’|’> \/;3<,y| ,y>+\/;23< i ,t>> Witk

There does exist another flow 62"t however, displayed in Figure 4.2, which could potentially
work as 0-positive witness as it satisfies (1/2'*(2)|6?") = 0. In Section 6.2.4 we show that
it actually corresponds to the optimal 0-positive witness with respect to II 4. Intuitively,
this means that it is not enough to have any “regular” s-t flow 6, which by Kirchhoff’s Law
is conserved at all the intermediate vertices (see Definition 3.2.5). Instead, we need a flow
62"t which is conserved with respect to all alternative neighbourhoods.
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Figure 4.3: Graph G where the coloured vertex x has additional alternative neighbour-
hoods (see (4.2)). The unique unit s-t flow 6 is displayed, but its corresponding flow state
does not form a 0-positive witness with respect to these extra alternative neighbourhoods.

Now depending on the alternative neighbourhoods in V,, there may not exist any
0-positive witness at all to apply Theorem 3.3.8. To exhibit such a counterexample, we
modify G once more, this time removing the edge (y,¢) from ﬁ, which is visualised in
Figure 4.3. It is clear that any unit s-¢ flow § must satisfy 6, , = 0,;, = 1 and 6, , = 0, but
in doing so we find that |6) is not orthogonal to |¢)2't(z)):

alt _ 1 21 21 1
(@3 (2)|0) = W (\/g2<x,s\x,s> + \/;2<x,t|x,t>) =3

4.2.2 Welded trees

We motivate the alternative neighbourhoods modification by an application to the welded
trees problem [CCD"03]. In the welded trees problem, the input is an oracle Og for a
graph G with s,t € V C {0,1}?". Each of s and ¢ is the root of a full binary tree with
2" leaves, and we connect these leaves with a pair of random matchings. This results in
a graph in which all vertices except s and ¢ have degree 3, and s and ¢ each have degree
2. Given a string u € {0, 1}?", the oracle Og returns L if v ¢ V, which is true for all but
at most a 2712 fraction of strings, and otherwise it returns a list of the 2 or 3 neighbours
of u. We assume s = 0%", so we can use s as our starting point, and the goal is to find
t, which we can recognise since it is the only other vertex with only 2 neighbours. The
classical query complexity of this problem is 2°(") [CCD*03]. Intuitively, that is because
this problem is set up so that a classical algorithm has no option but to do a random walk,
starting from s, until it hits t. However, this takes 2°(") steps, because wherever a walker
is in the graph, the probability of moving towards the centre, where the leaves of the two
trees are connected, is twice the probability of moving away from the centre, towards s or
t. So a walker quickly moves from s to the centre, but then it takes exponential time to
escape to ¢.

In [CCD 03] a continous quantum algorithm was shown that solves this problem in
poly(n), later improved to O(n!®) by [AC21]. However if we try to reproduce this result
in the electric network framework, we will get an exponential-time algorithm, essentially
because the total weight of the graph is exponential if we set every edge weight to 1.

Suppose we could add weights to the edges of G, so that at any vertex u, the probability
of moving towards the centre or away from the centre were the same: that is, if w is the
weight on the edge from wu to its parent, then the other two edges should have weight w/2.
This would already be very helpful for a classical random walk, however, a bit of thought
shows that this is not possible to implement. By querying u, we learn the labels of its three
neighbours, v1, vq, v3, which are random 2n-bit strings, but we get no indication which is
the parent. However, we know that the correct star state in the weighted graph that we
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would like to be able to walk on is proportional to one of the following:
1 1 1 1 1 1
|u,vl>+§\u,vg>+§|u,v3>, |u,vg>+§\u,vl>+§|u,vg>, |u,vg>+§\u,v1>+§|u,vg>.

Thus, we add all three states (up to some minor modifications) as alternative neighbour-
hoods to ¥, (u), which yields an algorithm that can learn any bit of information about ¢
in O(n) queries. By composing this with the Bernstein-Vazirani algorithm [BV97] we can
find ¢. For details, see Section 4.4.

We emphasise that our application to the welded trees problem does not use the edge
composition technique. It would be trivial to embed any known exponential speedup in
our framework by simply embedding the exponentially faster quantum algorithm in one
of the edges of the graph, but we are able to solve the welded trees problem using only
the alternative neighbourhoods idea.

4.2.3 3-Distinctness

We describe an attempt at a quantum walk algorithm for 3-distinctness, how it fails, and
how the multidimensional quantum walk framework comes to the rescue. While our
result for k¥ = 3 is not new, our generalisation to k£ > 3 is, and the case of k¥ = 3 is
already sufficient to illustrate our techniques. Formally, the problem of 3-distinctness
is: given a string € [¢]", output a 1 if and only if there exist distinct a1, a2,a3 € [n]
such that z,, = z,, = z,,- We make the standard simplifying assumptions (without
loss of generality) that if such a 3-collision exists, it is unique, and moreover, there is an
equipartition [n] = A; U A U Az such that a; € Aj, as € As and a3 € As.

We now describe a graph that will be the basis for a quantum walk attempt. A vertex
VR, ,R, 1 described by a pair of sets Ry C A; and Ry C As. vg, R, stores these sets, as well
as input-dependent data consisting of the following:

* Queried values for all of R;: Dy(R) := {(i,x;) : 7 € Ry }.

* Queried values for those elements of Ry that have a match in R;:
DQ(R) = {(il,ig,xil) 1191 € Ry,19 € Ro,xy, = xiQ}.

By only keeping track of the values in R, that have a match in R;, we save the cost of
initially querying the full set R,. The vertices will be in 4 different classes, for some
parameters r; and ro with 7y < ro:

Vo = {VR, R, : |R1| = r1,|Ra| = 72}

Vi ={vR, g, : |R1| =71+ 1, |Ra| = ro}

Vo ={vR, ry : |R1| =71+ 1,|Re| =72 + 1}

Vs = {UR, Ryis : |R1| =11+ 1,|Va| =12 + 1,13 € A3}

The vertices vg, r,i, € V3 are just like the vertices in V5, except there is an additional
index i3 € A3 stored. We connect vertices in V; and V;; in the obvious way: vg, r, € V¢
is adjacent to v g, € Viq1 if and only if Ry C R} and Ry C R; (exactly one of these
inclusions is proper); and vg, g, € V2 is adjacent to vg, g, i, € V3 for any i3 € A3 (see
Figure 4.4). We say a vertex vg, r,.i, € V3 is marked if a1 € Ry, a2 € Ry, and a3 = i3,
where (a1, as,as) is the unique 3-collision. Thus, a quantum walk that decides if there is
a marked vertex or not decides 3-distinctness.

We imagine a quantum walk that starts in a uniform superposition over V. To con-
struct this initial state, we first take a uniform superposition over all sets R; of ; indices,
and query them. Next we take a uniform superposition over all sets Ry of size 79, but
rather than query everything in Ry, we search for all indices in Ry that have a match in
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Ri,Ry . RiUfin}, Ry RiU{in}, RoU{ia}  RiU{ir}, Ro U {io}, i3
° ! ' b2 ‘0 '3 0

Vo Vi Va V3

Figure 4.4: A sample path from Vj to V3 in our first attempt at a quantum walk for 3-
distinctness. The coloured indices can be seen to label the edges.

R;. This saves us the cost of querying all r, elements of Ry, which is important because we
will set r5 to be larger than the total complexity we aim for (in this case, ro > n/7), so we
could not afford to spend so much time. However, we do not only care about query com-
plexity, but also the total time spent on non-query operations, so we also do not want to
spend time writing down the set Ry, even if we do not query it, which is the first problem
with this approach:

Problem 1: Writing down R would take too long.

The fix for Problem 1 is rather simple: we will not let Ry be a uniform random set of size
ro. Instead, we will assume that A, is partitioned into my blocks, each of size n/(3ma),
and Ry will be made up of ty := 3mary/n of these blocks. This also means that when
we move from V; to V5, we will add an entire block, rather than just a single index. The
main implication of this is that when we move from V; to V5, we will have to search the
new block of indices that we are adding to R, for any index that collides with R;. This
means that transitions from V; to V5 have a non-trivial cost, n° for some small constant
¢, unlike all other transitions, which have polylogarithmic cost. Naively we would incur
a multiplicative factor of n° on the whole algorithm, but we avoid this because the edge
composition technique essentially allows us to only incur the cost n° on the edges that
actually incur this cost, and not on every edge in the graph. Otherwise, our solution to
Problem 1 is technical, but not deep, and so we gloss over Problem 1 and its solution
for the remainder of this high-level synopsis. This is the only place we use the edge
composition part of the framework in our applications, but we suspect it can be used in
much more interesting ways.

Moving on, in order to take a step from a vertex vg, r, € Vo t0 @ Vertex vg, g, },r, €
Vi, we need to select a uniform new index i; to add to R;, and then also update the
data we store with each vertex. That means we have to query i; and add (i, z;,) to
D, (R), which is simple, and can be done in O(logn) basic operations as long as we use
a reasonable data structure to store D;(R); and we also have to update Dy (R) by finding
anything in R, that collides with i;. Since Rs has not been queried, this latter update
would require an expensive search, which we do not have time for, so we want to avoid
this. However, if we do not search Rj for any iy such that z;, = z;,, then whenever we
add some ¢; that has a match in Ry, the data becomes incorrect, and we have introduced
what is referred to in [Bell2a] as a fault. This is a serious issue, because if i, is the unique
index in R; such that there exists io € R with z;, = x;,, but this is not recorded in D2 (R),
then i, is “remembered” as having been added after i,. That is, the resulting vertex does
not only depend on R; U {i;}, Ro, but on i; as well. For quantum interference to happen,
it is crucial that when we are at a vertex v, the state does not remember anything about
how we got there.

Problem 2: When we add /; to R; without searching for a match in R», we may introduce
a fault.

Our handling of this is inspired by the solution to an analogous problem in the query upper
bound of [Bell2a]. We partition R; into three sets: R;({1}), R1({2}), and R;({1,2}); and
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Figure 4.5: The data we keep track of for a vertex vg, r,. ¢ represents a queried index. x*
represents an index whose query value is not stored. We only store the query value of an
index in Ry(s) if it collides with something in R;({s}) U R1({1,2}), shown here by a solid
line. If i3 € Ry(1) collides with some value in R;({2}), shown here by a dashed line, we
do not record that, and do not store z;,.

mes; mes
U {1} v w
v
(1,2}
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’U{Q} ,U{Q}
Type O Type 1 Type 2

Figure 4.6: The possible neighbourhoods of u = vg, g, € V;", depending on the type
of vertex. v° € V] is obtained from v by adding i; to R;(S). The backwards neighbour
v = UR, R, € Vyis always the same.

Ry into two sets R;(1) and R;(2). Then D2(R) will only store collisions (i1, 2, z;,) such
that z;, = z;, if iy € R1(S) and ia € Ry(s) for some s € S. This is shown in Figure 4.5.
Now when we add i; to Ry, we have three choices: we can add it to R;({1}), R1({2}),
or R;({1,2}). Importantly, at least one of these choices does not introduce a fault. To see
this, suppose there is some is € Ry such that z;, = z;,. We claim there can be at most
one such index, because otherwise there would be a 3-collision in A; U A5, and we are
assuming the unique 3-collision has one part in A3. This leads to three possibilities:

Type 1: iy € R2(2), in which case, adding i; to R;({1}) does not introduce a fault.
Type 2: iy € Ry(1), in which case, adding i; to R1({2}) does not introduce a fault.

Type 0: There is no such iy, in which case, adding i; to R;({1}) or R;({2}) or R;({1,2})
does not introduce a fault.

We modify the graph so that we first move from vg, r, € Vj to vR, R, € V;“ by selecting
anew i; € A; \ Ry, and then move from vg, g, to UR,U{i1},R, € V1 — here there are
three possibilities for Ry U {i;}, depending on to which of the three parts of R; we add
i1. However, we will only add i; to a part of Ry that does not introduce a fault. Thus,
a vertex vg, R, in V;~ has one edge leading back to Vj, and either one or three edges
leading forward to V}, as shown in Figure 4.6.

On its own, this is not a solution, because for a given vg, g, i,, in order to determine its
type, we would have to search for an i € Ry such that z;, = z;,, which is precisely what
we want to avoid. However, this is exactly the situation where the alternative neighbour-
hood technique is useful. For all u € V", we will let ¥, (u) contain all three possibilities
shown in Figure 4.6, of which exactly one is the correct state. We are then able to carefully
construct a flow that is orthogonal to all three states, in our analysis. The idea is that all
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incoming flow from v must leave along the edge (u,v{!}) so that the result is a valid flow
in case of Type 1. However, in order to be a valid flow in case of Type 2, all incoming flow
from v must leave along the edge (u,v{?}). But now to ensure that we also have a valid
flow in case of Type 0, we must have negative flow on the edge (u, v11%}), or equivalently,
flow from v} to w. This is indicated by the arrows on the edges in Figure 4.6. For
details, see Section 5.4.

4.3 The multidimensional quantum walk framework

In this section, we present the multidimensional quantum walk framework, by construct-
ing a phase estimation algorithm as in Definition 3.3.1, whose parameters incorporate
both the techniques of edge composition and alternative neighbourhoods. As discussed in
Section 3.4, we will use a slightly different initialisation of the phase estimation param-
eters, since our framework will deal with general edge labels and will have to construct
networks with length (see Definition 3.2.7) to incorporate the edge composition tech-
nique. We summarise this initialisation in Table 4.1.

4.3.1 The transition subroutine

To incorporate the edge composition technique, first recall from Definition 3.5.1 that a
quantum subroutine is given by a sequence Uy, ..., Ut —1 of unitaries on some abstract
Hilbert space 4 = span{|z) : z € Z}, such that we can implement ZtT:mOa"_l |t)(t| @
U in cost polylog(Tmax). In our case, the subroutine computes the transition map (see
Definition 3.2.13), |u, i) — |v, j), SO we assume

{(u,):ueVyie Llu)} CZ.

Moreover, we allow these subroutines to run with some bounded error, meaning for any
(u,v) € E, with i = fot(v) and j = f,(u), we have

10, 7) = Uroo1 - Uolu, i) ||* = o (4.3)

We also assume that we can bound this error by some ¢, except for some small subset of
the edges denoted by E. So €,, < ¢ whenever (u,v) € E \ E. Otherwise, we only have
the trivial upper bound ¢, , < 4.

Furthermore, we will assume that in O(1) time, we can check, for any z € Z, if
z = (u,i) for some v € V and i € L(u), and further, whether i € L (u) ori € L™ (u).
This is without loss of generality, by the following construction. Assume that for all v € V,
every label in L*(u) ends with the symbol —, and every label in L~ (u) ends with the
symbol <. Further assume that no other z € Z ends with these symbols. Then it is
sufficient to check a single constant-dimensional register.

Lastly, we will assume that T, , is always even. This assumption incurs at most a small
constant slowdown, but we shall see that it guarantees that the network (with length) on
which the quantum walk takes place will always be bipartite. Without loss of generality;,
we can assume that after exactly T, , steps, the algorithm sets an internal flag register to
1, and we will let this 1-flag be part of the final state (v, j) by letting each i € L(u) contain
an extra bit set to 1. This also ensures that the state of the algorithm is never |v, j) before
T.,» steps have passed. The reason why this is without loss of generality, is because we
can simply let the algorithm use an internal timer in order to decide to set a flag after
exactly T, , steps, and uncompute this timer using our ability to compute T,,, from the
final correct state |v, j).
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Recall from Definition 3.5.1 that forany v € V, i € L(u) and t € [Tax — 1]o,
Ui...Uplu,i) € span{|z) : z € Z,;}.

For convenience, we will let Z,,, = Z,,;, where v = f,(i). For b € {0,1}, let Zgﬂ} C Zup
be the subset of states in which the algorithm’s internal flag register is set to b. So by the
above discussion, we have (v, j) € Z!

u,v?

Vt € [Tuw — 1o, Uz ... Uolu,i) € 22

u,v’

and Vt > Ty, Up...Uolu,i) € 2, .

4.3.2 Parameters of the phase estimation algorithm

Hilbert space: Our phase estimation algorithm will again work on a Hilbert space re-
lated to the modified graph G’ as shown Figure 3.2, where the extra vertex sy is added to
our graph G via the directed edges (sg, u) of weight woo(u) for u € Vy C V(G). For the
more general case, basis states of the form |u, ¢) containing the edge labels must now also
be incorporated into the Hilbert space, as well as the subroutine states of Section 4.3.1.
So instead of the space defined in (3.22), our algorithm will work on the space:

H = span{|u,i)|0) : u € V(G),i € LT (u) U{0}} @ span{|v,)|0) : v € V(G),j € L™ (v)}

@ @ span{|z)[t) : z € ng € [Tup — 1 U{|2)[Tuw) : 2 € Z&,v}'
(uv)eE(G)
4.4)

The first span in (4.4) will contain the outgoing edges, the second the incoming edges and
the third span is to deal with the transition subroutines. One can see that we assume that
for all u € Vj, the edge to s is labelled by 0 ¢ L(u).

Observe that since the edge labels can be distinct from the vertices themselves, the
existence of a |u,i) € H does not immediately imply the existence of a state |i,u) in
H. More specifically, this means that we will not be reflecting around the antisymmetric
subspace of H like we did in Section 3.4. Instead, the basis states corresponding to the
transition subroutines will aide in constructing the second reflection, as we will see shortly.

Star states: The construction of our star states will have to be slightly modified com-
pared to (3.23), due to the different choice of Hilbert space. Suppose we have a set of
alternative neighbourhoods W, for the network G as in Definition 4.2.1. To make sure
that ¥4 and Up are subsets of H, we append a register |0) to all states in W,. Note that
even though W 4 (and even ¥3) might contain additional alternative neighbourhoods, we
do note use the notation 42" in the subscript, as there is no ambiguity with some other
set U 4.

Second of all, we must not forget that our phase estimation algorithm takes place on
the Hilbert space associated to the modified graph G’, meaning the star state of any vertex
u € Vp, must have an incoming edge from sy. So for any u € Vj, the star state (see
Definition 3.2.13 or Definition 4.2.1) of u with respect to G’ is:

G/’¢* Z \/Wuz’u 1 |0 Z ,/wullu ) |0 \/W()O' |u O |O
i€ L (u) €L (u)
=y/ W& |P¢ (u))]0)
(4.5)

We write W/, for the set of alternative neighbourhoods W, after it has been “lifted” to H,
meaning if we assume that any vertex u € V|, does not contain any additional alternative
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neighbourhoods, we have

vo= U o eveio U {pfmol. o
ueV(G)\(VoUM) = (u) UE V) e e’ .
7 =0 (u)
Transition states: For each v € V(G) and i € L™ (u), define a state
[9%57) = Ju, )|0) — Uolu, i)]1). 4.7)

These represent a transition from an outgoing edge to the first step of the algorithm im-
plementing that edge transition. For each (u,v) € E(G), and t € [T, , — 1], define states:

U= { ) = [2)[t) — Uel2)|t +1) 1 z € Zg,v} ) (4.8)

These represent steps of the edge transition subroutine. For each v € V(G) and j € L™ (v),
with v = f,(j), define a state:

[W27) = [0, )| Tuw) = [0,7)10). (4.9)

These represent exiting the algorithm to an edge going into vertex v. Letting ¥, be as in
(4.6), define

Tuw—1

vy=vu (J U o
(w)eB(G) =13

_ (4.10)

Up= [J {s)iel@lu{pt)jel v |J U @

UEV(G) (’U.,’U)EE(G) ttil:

even

The reason we have divided the states in this way between ¥ 4 and ¥z is so that if we
replace each ¥, (u) with an orthonormal basis, all states in ¥ 4 (or ¥g) are pairwise or-
thogonal. We leave it up to the reader to verify that this is the case (it is implicitly proven
in Section 4.3.3), but we note that this fact relies on the assumption that T, , is always
even. This ensures that for even ¢, (t + 1|T,,) = 0, so (7)) = 0. Figure 4.7 shows
a graph of the overlap between various sets of states, and we can observe that the sets in
¥ 4 and the sets in ¥z form a bipartition of this overlap graph into independent sets.

In Section 4.4 we will compare this with the initialisation from Section 3.4, which
intuitively could be seen as the case where each T, , = 0. If not for the labels, nor
the extra register containing the internal timer, reflecting around the state in ¥z can be
understood as reflecting around the antisymmetric subspace. However, this interpretation
is only meant to provide intuition, as the transition subroutine definitions become ill-
defined when T,,, = 0.

Initial state: For the initial state of the algorithm, in (3.28) we chose the normalised
projection of |1 (sp)) onto B+. Since both our star states, as well as B+ have changed
compared to Section 3.4, we have to rederive this definition. First of all, as we did with
the star state of each u € V (), we append an extra register to ensure that it is an element

of H:
[14(50))10) = > Vo (u)]s0,u)|0).

ueVp

The problem is however that |sg, u) is not a state in H, but |u, 0) is:

S Vo(wlu,0)[0).

ueVp
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(b o {2

Figure 4.7: A graph showing the overlap of various sets of states, for an example graph G.
With the exception of the spaces ¥/ (u) (which we will replace with orthonormal bases in
Section 4.3.3), each node represents an orthonormal set. There is an edge between two
nodes if and only if the sets contain overlapping vectors.

For the projection onto B, note that the each edge coming out of s, is not an element
of E(G). It is therefore straightforward to see that each basis state |u, 0) already does not
overlap with any of states spanning ¥z, meaning we can set our initial state as

o) = Y Vo(w)|u,0)0). (4.11)

ueVp

The flow state: Although the flow state is not a parameter of our phase estimation
algorithm, but instead an ingredient to construct the positive witness as discussed in Sec-
tion 3.4.2. However, due to how we have changed the parameters in this section so far,
we also discuss how this affects our flow state compared to its construction in (3.29):

1 0
ST (u) + o).
2E(0 vV Wu,v

( )<u,v>eﬁ(a>

This state is currently not a state in # due to the lack of labels in the second register. This
can be resolved by considering the state

1 0
> o= (£ W) o £ (W)
2£00) wo)eB@) ¥ "

Due to our different initialisation of the flow state and the subspace B, it might be that this
new flow state construction now longer lives in B+. Although it is not immediately clear
yet (we will prove this in Corollary 4.3.10 as part of the prove of our general framework),
this state is indeed orthogonal (if the transition subroutines run without error, otherwise it
is “almost” orthogonal) to 5. Hence, under our parameters as defined in (4.10), we define
the flow state of any unit s-t flow 6 on G as

._ 1 O w. F=1(v v 1y
0= T 2 e (w @)+l £ ). (4.12)

(u0)€E(Q)
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4.3.3 The framework

We now state our general multidimensional quantum walk framework.

Theorem 4.3.1 (Multidimensional Quantum Walk Framework). Fix a family of networks G
that may depend on some implicit input x, with disjoint sets V, Vi C V (G) such that for any
vertex, checking if v € Vj (resp. if v € Vy) can be done in at most A, complexity. Let M C Vi
be the marked set, and o an initial distribution on Vj. Let ¥, = {U,(u) : u € V(G)} be a
set of alternative neighbourhoods for G (see Definition 4.2.1). For all u € (Vo U V), assume
that W, (u) = {|4E(u))}. Fix some positive real-valued WT and RT, that may scale with |z|.
Suppose the following conditions hold.

Setup Subroutine: The state [0) = »_ . \/o(u)|u) can be generated in cost S, and fur-
thermore, for any u € V, o(u) can be computed in O(1) complexity.

Star State Generation Subroutine: We can generate U, in complexity A,.

Transition Subroutine: There is a quantum subroutine (see Definition 3.5.1) that imple-
ments the transition map of G (see Definition 3.2.13) with errors {€,} () B(G) and

costs {Tyu} (u We make the following assumptions on the errors e, where

WEE(G)

E C (G) is some (possibly unknown) set of edges on which we allow the subroutine

to fail:

TS1 For all (u,v) € ﬁ(G) \ E, ey < 6, where € = o (35157)-

TS2 For all (u,v) € E, there is no non-trivial upper bound on €u,0, but we have that
Wi=3  ciWe=0 (%)

Checking Subroutine: There is an algorithm that checks, for any u € Vi, if u € M, in cost
A..

Positive Condition: Interpreting T, as a length function on ﬁ(G), G is the graph ob-
tained by replacing each edge (u,v) of G with a path of length T,, ,, (see Definition 3.2.7
and Figure 4.7). If M # (), then there exists a unit flow 6 on G (see Definition 3.2.3)
with flow state |0) (see (4.12)) such that

P1 Foralle € E, §, = 0.
P2 Forallu € V(G)\ (Vo UM) and |1,) € W, (u), (14]6) = 0.

P3 3, ey 0 = L.
Ou—o(u)|?
P4 3,ey, Loel < 1.

o(u

P5 £T(0) <RT.
Negative Condition: If M = (), then W(GT) < WT.

Then there is a quantum algorithm that decides if M = () or not with bounded error in
complexity:
O (S + VRTWT (A, + ponIog(Tmax))) :

In the remainder of this section, we prove Theorem 4.3.1 in a similar fashion as we
proved Corollary 3.4.1 in Section 3.4.2. The difference is that the parameters of our
phase estimation algorithm will slightly differ, as we need to deal with the alternative
neighbourhoods and transition subroutines. We first provide some additional intuition to
the conditions stated in Theorem 4.3.1.
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The Setup Subroutine and Star State Generation Subroutine are straightforward
and consider the costs necessary to generate the initial state and the unitary of our phase
estimation algorithm respectively. These costs should be seen as the counter part of the
costs of sampling from the stationary distribution and sampling a neighbour in a classical
random walk.

The Transition Subroutine condition has already been discussed indepth in Sec-
tion 4.3.1, with the addition that we have explicitly bounded the error for most of the
edges.

Remark 4.3.2. For an edge (u,v) € E, we may without loss of generality assume that
v ¢ V(G). Suppose i = f,1(v). Then since we don’t actually implement the transition
|u,i) — |v,j) correctly anyway, we can assume that v = (u,1), which is distinct from all
vertices in V(G), and so we can consider it an almost isolated vertex with the single backwards
neighbour u. We can equivalently think of these as dangling edges, without an endpoint.

The Checking Subroutine also relates to the cost of implementing our unitary. We
already saw in Section 3.4.2, that we do not reflect around the star states of marked
vertices, so the upper bound on the cost of generating any of the star states must always be
upper bounded by this checking cost. To see why this is without loss of generality, suppose
the checking cost is some higher value C > A,. Then we can simply put an outgoing edge
on each vertex u € V) that ends at a new vertex (u, b) that encodes whether v € M in the
bit b. Such an edge can be implemented with transition cost C and we could then analyse
the flow whose sinks are in these new vertices.

For the Positive Condition, P1 emphasises that we should not send any flow along
the dangling edges from Remark 4.3.2. P2 and P3 simply restate the definition of a unit
flow, meaning that the flow must be conserved on all vertices that are neither sources nor
sinks and that the outgoing flow from the sources must add up to 1. Additionally, P2 tells
us that the flow must also be orthogonal to all additional alternative neighbourhoods that
we might have added to VU,. Lastly we will also give some intuition to P4. Intuitively, 6
should be a o-M flow, meaning that for all u € Vp, 6, = o(u). We don’t make this a strict
requirement, but this condition means it should hold in some approximate sense.

Implementing the Unitary

Let A = span{WV 4} and B = span{W¥p} (see (4.10)), and let IT 4 and IIz be the orthogonal
projectors onto A and B. In this section we will prove:

Lemma 4.3.3. The unitary Uap = (2114 — I)(2Ilg — I) on H can be implemented in com-
plexity O (A, + polylog(Tmax))-

This will essentially follow from the fact that we can efficiently generate orthonormal
bases for each of ¥ 4 and ¥. For a simple example of how reflecting around a set of states
reduces to generating the set, see Claim 4.3.7. We know that we can efficiently generate
these orthonormal bases, since

* By the Star State Generation Subroutine condition of Theorem 4.3.1, we can gen-
erate an orthonormal basis for (J,cy/() ¥«(u). Since we can also efficiently check if
a vertex is in V or M, we can generate orthonormal bases for ¥/, = Uev(e) U’ (u)
(see Claim 4.3.4).

* Generating the states |¢)7) = |z)|t)—U;|z)|t+1) for odd ¢t can be done using ) _, |t) (t|®
U; (see Claim 4.3.5). The same is true for even ¢ (Claim 4.3.6), also including the
states %) = |u,)|0) — Uplu, i)|1).
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* Generating the states [¢)?7) = |v,)(|Tu) — |0)) can be done efficiently because we
can compute T, , from (v, j) (see Claim 4.3.7).

There is nothing conceptually new in this proof, and the reader may skip ahead to Sec-
tion 4.3.3 with no loss of understanding.

Claim 4.3.4. Let R, = 211, — I, where 11, is the orthogonal projector onto span{ WV’ }. Then
R, can be implemented in complexity O(A, + log Tmax)-

Proof. By the Star State Generation Subroutine condition of Theorem 4.3.1, we can
generate ¥, in cost A,, which means (see Definition 4.2.1) that for each u € V(G), there
is an orthonormal basis W(u) = {[¢,1),...,[¢y4,)} for ¥,(u), and a unitary U, with
complexity A,, such that for all u € V(G) and k € [ay, — 1]o, Us|u, k) = [¢),, ;). Then for all
ue V(A)\ (VoUV), ¥ (u) := {14, 1)10), .., [¥4,)]0)} is an orthonormal basis for ¥’ (u)
(see (4.6)). For u € Vp U Vi, we have W’ (u) = {|¢)% (u))|0)}, so ¥'(u) = W’ (u) in those
cases.

We will first define a unitary U] that acts, for u € V(G), k € [a, — 1]o, as Uj|u, k)|0) =
|E; ). We define U] by its implementation. To begin we will append an auxiliary register
|0) 4 (this will be uncomputed, so that the action described is indeed unitary), and set it
to |1) 4 if u € V). We are assuming we can check if v € V{) in at most A, complexity. First,
controlled on |0) 4, we apply Uy, in cost A,, to get

[, k)10)[0) 4 = [0, 1)10)10) 4 = [t7, 110} -

Next, controlled on |1) 4, we implement, on the last register, a single qubit rotation that

acts as
/ Wy, woo (u)
NN SR AN RN AU S
10) Wy, + Woo(u) b Wy, + woo (u) 10)

Here the weighted degree w,, is taken with respect to the graph GG, meaning w,, +wgyo(u) =
wf/. This requires that we can query w,, and o(u) (wq is a parameter of the algorithm).
Controlled on |1) in the last register (and also still |1) 4 in the third), we apply U, to get
(when u € V{) we only care about the behaviour for k£ = 0):

. 0)10) 1) - (, [ D) - \/V%\u,w) 1)

Above we have used the fact that when v € Vj, v contains no additional alternative
neighbourhoods meaning

[Gu0) = 195 (w).

To complete the map for the case u € Vj, note that [, (u)) is supported on |u, i) for i # 0,
so we can uncompute the second register to get

[ (u))]0) + v/woo (u)]u, 0)]0)

wy, + woo (u)

1) = [ @)[0)[1).4.

Since all states still have |u) in the first register, controlled on u, we can uncompute the A
register. Thus, we can implement U in complexity O(A,), and U, maps the subspace

L, = span{|u, k)|0) : uw € V(G) \ M,k € [a, — 1]o}

of H to the span{ ¥}, meaning (211, — I) = U/ (211, — I)U.".
We complete the proof by describing how to implement 211, — I. Initialise three
auxiliary flag qubits, |0),|0)r,|0)r,. For a computational basis state |z)|t), if t # 0, flip
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F to |1)p, . This check costs log Tax. If ¢ = 0, we can assume that z has the form (u, k),
and interpret k as an integer. If v € M, which can be checked in A, by the Checking
Subroutine, flip F; to |1)p,.If £ > a,, which can be checked in O(log dmax) = O(A,), flip
F3 to |1) . Reflect if either of the flags is set to 1, and then uncompute all three flags. [

Claim 4.3.5. Let Roqq = 2I1oqq — I, where Tlyqq is the orthogonal projector onto the space
span{¥;"" : (u,v) € %(G), t € [Ty —1] odd}. Then Roq4q can be implemented in complexity
polylog(Tmax)-

Proof. We describe the implementation of a unitary U,qq such that

Y(u,0) € E(G),2 € 2%t € [Tuw — 1] 0dd, Usaa|2)|t) =

Lot
u,v \/i ‘wz>
We begin by decrementing the |¢) register, which costs log Tpax. Next we apply an X gate,
followed by a Hadamard gate, to the last qubit of |t — 1). If ¢ is odd, ¢t — 1 is even and the

last qubit is [0) =3 (]0) — [1))/v/2, so we get
2)[t) = [2)]t = 1) = (|2)[¢ = 1) = [2)|6)) / V2.

Then controlled on the last qubit of |t) being |1) (i.e. on odd parity of t) we apply
tT:mO‘““"l |t)(t] ® U, which can be done in cost polylog(Tmax) by assumption, to obtain
(|2)|t — 1) — Uy|2)|t)) /v/2. Complete the operation by incrementing the |t) register. Thus,

Usdq maps the subspace:

Losa= B spanf{|2)|t): 2z € 2]t € [Ty, — 1], odd}
(u0)€E(Q)

of H to the support of I1,qq, and so Rodd = Uoad (211, — I)Ugdd.

We complete the proof by describing how to implement 211, — I. For |z)|t), we can
check if ¢ is odd in O(1), and if not, set an auxiliary flag F;. Next, we will ensure that
z € 2, for some (u,v) € E(G), which also ensures that ¢ € [T, — 1]o, by the structure
of H, and if not, set a flag F». Reflect if either F or F3 is set, and then uncompute both of
them. =

Claim 4.3.6. Let Reyen = 2lleven — I, Where Tleyen is the orthogonal projector onto the span
of
U TP U{ 9% s u e V(Q),i € LT (u)}.
(u,v)Eﬁ(G’)7

te(Ty,v—1]:t even

Then Reyen can be implemented in complexity polylog(Tmax)-

Proof. We describe the implementation of a unitary Ueyen such that for all (u,v) € ﬁ(G)
withi = f;1(v) and j = f, ! (u):

1 1 ;
Uevenu, i)|0) = ﬁ (|, 3)|0) — Uolu,i)[1)) = 72‘7#3;1)
Ve € 20yt € [Tuy = 1] even, Veunl2lt) = —= (1316 = Gil2)lt+ 1) = =10

We can implement such a mapping nearly identically to the proof of Claim 4.3.5, except
the decrementing of ¢ happens after the Hadamard is applied. Thus, Ueyen maps the sub-
space:

Loen= P span{lu,d)0)} & P span{|z)[t):z € Z0,.t € [Ty, — 1], even}

ueV(G), ww
i€ Lt (u) (wEE(G)
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of H to the support of Ileyen, and s0 Reven = Ueven (21, — )UeT\,en.

We complete the proof by describing how to implement 211, — I. For |z)|t), we can
check if ¢ is even in O(1) steps, and if not, set an auxiliary flag F;. Next, we check if
z € Z,) , by checking the subroutine’s internal flag, which also ensures that ¢ € [Ty, — 1]o,
and if not, set a flag F». Note that if ¢ = 0, z has the form (u, i) for some i € L(u), by the
structure of H, and by the discussion in Section 4.3.1, we can check if i € Lt (u) in O(1)
time, and otherwise, set a flag F3. Reflect if either Fy, F5 or F3 is set, and then uncompute
all three flags. O]

Claim 4.3.7. Let R = 211, — I, where 11 is the orthogonal projector onto the span of
{jv¥9) v € V(G),j € L™ (v)}. Then R can be implemented in complexity polylog(T max)-

Proof. We describe the implementation of a unitary U, that acts, for all v € V(G) and
j € L™ (v), withu = f,(j), as

Ue [0, )[0) = —= ([0, 70} — [0, 1) [Tu)) = — —=2p29).

V2 V2
First, append an auxiliary register |—) 4. Controlled on this register, compute T, , from
(v,7), which we can do in polylog(Tax) basic operations, by the assumptions of Defini-
tion 3.5.1, to get

[0, )10} =)a = [v, 7) (10)[0)a = [Tuy)[1)a) /V2:

We uncompute the A register, by adding 1 conditioned on the time register having a value
greater than 0. Thus, U, maps the subspace

L. :=span{|v,j)|0) :v € V(G),j € L™ (v)}

of H to the support of II,_, and so R, = U, (2[lz, — 1)UL .

We complete the proof by describing how to implement 21, — I. Append two aux-
iliary qubits, |0) , and |0)r,. For a computational basis state |z)|t), if ¢ # 0, which can be
checked in O(log Tax) time, flip F} to get |1)g,. By the discussion in Section 4.3.1, we
can check if z has the form (v, j) for some v € V(G) and j € L™ (v) in O(1) time, and if
not, flip F; to get |1) ,. Reflect the state if either flag is set to 1, and then uncompute both
flags. O]

Proof of Lemma 4.3.3. We can see that II,II,qq = 0, since II, is supported on states with
0 in the last register, and Il,qq is the span of states with an odd ¢ € [T,,, — 1] in the first
term, and an even ¢ € {2,...,T,,} in the second term. Thus,

(2Meven — I)(2IL, — I) = —(2(Heyen + I1,) — I) = — (2114 — 1),

where the last equality is because the support of IT 4 is the direct sum of the supports of II,
and Ileyen, by their definitions. By a similar argument, (211,49 — I)(211- — I) = (2lIg — 1),
and thus the result follows from Claim 4.3.4, Claim 4.3.6, Claim 4.3.5 and Claim 4.3.7. O

Positive analysis

Suppose there is a flow 6 on G satisfying conditions P1-P5 of Theorem 4.3.1, with corre-
sponding flow state |f) (see (4.12)). As stated in the Positive Condition of Theorem 4.3.1,
the transition subroutine lengths T,, , induce a network with length (see Definition 3.2.7)
where we substitute each edge (u,v) € E of G with a path from u to v of length T, ,, + 2.
To construct a positive witness, we will take the flow 6§ on G and extend this to a flow
07+2 on GT*2 by assigning flow 0, , to any edge in the path from u to v. To construct
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the corresponding flow state |#T+2), define for each (u,v) € E(G), with i = f,1(v) and
=17 ()
W) = |u,9)
Vt € [Tuol, lwi) = Utlwly)
T, (4.13)

waw) ==Y [wi)[E) + v, 5)]0).
t=0

Then |w, ,) is a kind of history state [Kit99] for the algorithm on input (u, 7). We first show
it is almost orthogonal to all transition states, defined in (4.7), (4.8) and (4.9).
Claim 4.3.8. For all (u,v) € ﬁ(G), letting j = f,  (u):

1. Forallu' € V(G) and i’ € L*(u), ("% |wy.) = 0.

2. Forall (u',v") € B(G), z € ZS,’U, and t € [Ty, — 1], (¢f|wy ) = 0.

3. Forallv' € V(G) and j' € L™ (u), (2" [wyu) > < 80 ). (i) Euro-
Proof. Ttem 1: Recalling that |¢)"") = |u/,i)|0) — Up|u/, i')|1), we have

(W57 ) = (7w ) — (8 U ) = (7|, d) — (7 [USUolu, i) = 0.

Item 2: Recall that |¢)7) = |z)|t) — U;|z)|t +1). This is always orthogonal to the last term of
|wy,v), since ¢ > 0. We also note that if z € 2, for (v/,v") # (u,v), we have (¢ |w,, ,) =
0, since |w,,) is only supported on z € Z, ,. Thus, we can assume (u,v) = (v, v’), and so
t € [Ty — 1o. Thus:

(VF [wae) = (2wl ) — (Uil = (2w, ) — (| Uf U, ) = 0.

Item 3: Recall that [?7) = |v/,5)[Tw.) — |[v/,5)]0). Again, if (v/,5') # (v,7), then
(v',5") & Zu.0, meaning ()77 |w, ) = 0. So supposing (v/, ;) = (v, j), we have

VA4
(s

since |w) ) = |u, i), so the middle term is 0. Then, using

g Tuw . . . g Tuw
wU,U> = <U7]‘wU7U > - <vv.]‘w2,v> - <’U,]‘U,]> = <U¢]|wU,U > - 1?

T 2
uv) ‘ = €uv,

4 T
1 — (v, jlwuys")

"< o) — !

by (4.3), we have |(1)?7 [wy,)|? < € O

If not for the extra register containing the time step |t), we have now constructed the
flow state |§T+2) of the flow §T+2:

1 O 1 O
£T2(0) 2 el = ET(0) 1 28(0) 2 el
(uv)eE(G) ’ (uv)€E(G) ’
Like in Section 3.4, we actually want the flow state to correspond to an sy-t flow on G’.
This can be easily achieved by letting all §,, of flow in each u € V}, originate out of sy. Our
positive witness, in the sense of Definition 3.3.5, will be the corresponding unnormalised
flow state of this modified new flow (with the extra register containing the time step |¢)):

w) = > Oue \ww +> |u 0)[0). (4.14)
(u,w) GE(G u€Vo WOU



4.3. The multidimensional quantum walk framework 63

Lemma 4.3.9. Let wo = 1/R" and ¢, = 6. Then % <6 =cy, and |||w)|* > ET(H).

Proof. To analyse the positive witness, we compute (referring to (4.11)):

1
,0,0 = 'RT, (4.15)

by condition P3 of Theorem 4.3.1. Since this is non-zero, |w) is a positive witness, though
it may have some error. To continue, we compute:

[[w)[|* = Z Cu = llwuo) Wt 2 o = (4.16)

(u,v) Eﬁ ueVo

To upper bound the first term of (4.16), we have ||[wy)||* = Tu + 2, S0 we have

2 &
S el = Y (T +2) = £T(0) +28(0) < 2R, (417)
woeB@ wv)eE@©)

by condition P5 of Theorem 4.3.1, and using 2£(0) < £7(0), since each T,, > 2. Note
that (4.17) also implies the desired lower bound of |||w)||* > £T(#). To upper bound the
second term of (4.16), we have

0 2 o(u)? + (0 — o(u))? T ) T
2 woo (u) : W 2 o(u) =R (1 + Z ) < 4R

ueVp ueVp ueVp
(4.18)

by condition P4 of Theorem 4.3.1. Plug (4.17) and (4.18) into (4.16) to get |||w)|* < 6RT,
which, with (4.15), completes the proof. O

Next, we analyse the error of |w) as a positive witness, by upper bounding its overlap
with the various states in ¥ 4 U ¥. First, we have the following corollary to Claim 4.3.8.

Corollary 4.3.10. 1. Forallu € V(G), i € L™ (u), (%

w) = 0.

2. Forall (u,v) € E(G), z € 20, and t € [Ty, — 1], (7 |w) = 0.

3. Forallv € V(G)and j € L™ (v), letting u = f,(j), we have |{(4)?7|w)| < \/9% /€u-

Next we show that the states in W/, are orthogonal to |w).
Claim 4.3.11. For all v’ € V(G), and any |¢4)|0) € ¥/ (u'), (¢, 0|w) = 0.

Proof. For any v’ € V(G) \ Vp and any |¢4)|0) € ¥/ (u'), the overlap between [,) and |w)
is only supported on the states |u/, i) such that i € L(u'). Hence, we have

(Y4, Olw) = Z

(u,0)€E(Q)

Vo (s, O] (Ju, £ (0))]0) + Jv, £ (1))]0)) o (14]8) =0,

u,v

by condition P2 of Theorem 4.3.1. If instead u’ € Vp, the only state in W/, («) is [1/S" (u))|0)
(see (4.5)), meaning

(ths, OJw) = (" (W), 0lw) o< D" Oww— D Ouur — b = 0. 0

UEF+( D) uel' 4 (u’)
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We can combine these results in the following lemma:

Lemma 4.3.12. When M # (), |w) as defined in (4.14) is an e/2-positive witness (see
Definition 3.3.5).

Proof. Note that |w) is only defined when M # (), as it is constructed with a flow from Vj
to M. For |w) to be a positive witness, we requ1re that <w|¢0> # 0, which follows from
(4.15). All that remains is to show that ||IL4|w)||* and ||IIz|w)||* are both at most & 5 Nlw) 112
By Claim 4.3.8 and Claim 4.3.11, we have ||II4|w)||* = 0 and

[ w) 2 _ (RO
: .

VeV (G),jEL( Hrw H veV(G),jeL™(v)

Since A, = 0 for all ¢ € E (condition P1 of Theorem 4.3.1) and for all e € E(G) \ E,
€y, < € (condition TS1 of Theorem 4.3.1), we can continue:

H?LUGU’U € T € 2
) ——— < ZE(0) < ;€ (0) < 5 )]
} uw 2 2 2
(uw)€E(G\E

™M

2
[Ms[w)[|” <

|

by Lemma 4.3.9. We have used the fact that the energy of the flow in G (see Defini-
tion 3.2.3), £(0), is at most the energy of that flow extended to the graph G'T in which we
replace the edges by paths of positive lengths determined by T (see Definition 3.2.7). [

Negative analysis

In this section, we will define a negative witness, which is some |w 1), |wg) € H, such that
|to) = |wa) + |wp) and |w.4) (resp. |wp)) is almost in A (resp. B) (see Definition 3.3.2).
We first define, for all (u,v) € E(G) withi = f.}(v),

|w::‘,v> = Z Z ’wu'u |wt €A

t€[Tu,u—1]:t 0dd z€20

|wvlj,v> = Wﬁl) + Z Z ‘wuv |wt B,

t€[Ty,v—1]:t even zEZO,

(4.19)

where |w!, ) is defined in (4.13).
Lemma 4.3.13. For all (u,v) € E (G) withi = f;(v),
. Tu,w
i) + lwe ) = |u,8)]0) = Jwu” )| Tuw)-

Proof. Below we use the fact that for ¢ € [Ty, — 1o, [w),,) € span{|z) : z € Z)) } (see
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Section 4.3.1), and that |w3m) = |u, i) (see (4.13)).
wiy) + wh ) =105+ > > (el )

te[Tu,v—l] 262871]

Tuv 1 Tuv 1
+ >0 > Gl ety = Y Y (ul VU2t + 1) see (4.8)
t=1 zez9, t=1 zeZz9,
Tuw—1 Tu,v—1
Z |wuv ’t Z Ut’wuv>‘t+1>
t=1
Tw—1 Tuu—1
Z wl, )t — Z lwith [t + 1) see (4.13)
— Ju, $]0) — Uolu, i}1) + [ ,)]1) = [ons ) To) see (4.7)
. Tuw
= u,3)]0) = [wup") | Tuw),
since |wy, ) = Uolu, i) (see (4.13)). O

Forv € V(G) and j € L™ (v), with u = f,(j), define
[029) 1= |wals) Tua) = [v,)10), (4.20)

which would be equal to [1/%7) if not for the possible errors in our transition subroutines.
We use this state to define our negative witness:

z VS @0+ —— 3 alud,) € A

lwa) =

vWo  Svic Vo (u,0)€E (G)
_ 1 3 ( By *v,fJI(U))
lwg) = \/T—O AVALLTRY |wu,v> |9 )) -
(u,0)€E(Q)

Here the weighted degree w!, of v is taken with respect to the graph G’, which we empha-
sise with the prime in the superscript.

We first show that this is indeed a negative witness in Lemma 4.3.14 and then analyse
its error and complexity in Lemma 4.3.15.

Lemma 4.3.14. Let |1)g) be as in (4.11). Then if M =0, |w4) + |wg) = |vo).
Proof. We have

—vVWo (Jwa) + [ws))
S VWS @)I0) — S (i) + B ) [0 @)) 4.21)

ueV (G) (u)EE (G)
Letting i = f, '(v) and j = f, !(u), we have
wity) + W) + 1929) = [u,i)[0) = fwus*) [ Tuo) +[929) by Lemma 4.3.13
= |u,)|0) — |v,5)]0) by (4.20).

Next we recall from (4.5) that for u € V(G) \ M = V(G) (since M = ()), we have, letting
Ouvp =1 iff u € Vp:

(4.22)

V W&Wf, Z \ Way, z|u { Z \/Wuj|u .7 5u,Vo V WOU(U)|ua 0>
ieLt(u) JEL™ (u)
SooVWled W)y = > W (s £ ) = v, £ (W) = D V/woer(u)|u, 0).
uev(®) (u,v>eﬁ<a) uevo

(4.23)
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Plugging (4.22) and (4.23) back into (4.21), we get

—Wo (lwa) + Jwp)) = = > v/woo(u)]u, 0)]0) = —/wo|thp). O

u€eVy

Lemma 4.3.15. Let wo = 1/RT, and & = eRTW +4RTW. Then |w.4), |wg) is a §'-negative
witness (see Definition 3.3.2), and

[wa)|? < 2RTWT + 1.

Proof. By construction, |w) € A, and the only part of [wg) that is not made up of states
in Wy (which are in B = span{W¥z}) are the |[)?) parts. Since (I — IIg)|y?7) = 0 for all
(v,7), we have

_ w L W, — )05
(I —Ilp)|lwg) = N Z . VWi (I = 1Ig)[¢7)
1 o .
Y U T — )
\/VTvEV( G).jeL™(v) J
1 T -
= — Z \/VW(I HB)(|U) uv>‘Tu,’U> - |U, f'u 1(u)>’Tu7U>)
\/VT V)EE(Q)

by (4.20) and (4.9). Then by (4.13) and (4.3) we have
2
[lwizsy = 1o, £ @] = v

Furthermore, the terms ]wT“”> — |v, £, 1 (u)) € span{|z) : z € Z,,} for different
(u,v) € ﬁ(G) are pairwise orthogonal. Thus:

1
||(I - HB)|wB>H2 < Wio Z Wy, v€u,v
(u)eE (G)
< RT< Z Wy € + 4 Z wuw) <RT (6W + 4W> ;
(uw)€E (G\F (uv)eE

where we used wg = 1/RT, the trivial upper bound €up < 4 when (u,v) € E, and
conditions TS1 and TS2 of Theorem 4.3.1.
To complete the proof, we give an upper bound on |||w.4)||?. We first note:

lwa)|® = Zw+* R (A1

e) * wneB©)

Then we can compute, for any v € V(G), letting d,, v, = 1 iff u € V4,

= Z Wy + (SuyOW()J(u)
vel (u)

and for any (u,v) € ﬁ(G), since for all ¢ € [To,, — 1o, > .ez0 (2wl )] = H\WZ,U>H2 =1,

TU'U
ol = X Welb P IR = | T | 2 < T

t€[Tu,u—1]o:t odd 2€ 29,
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Phase estimation Multidimensional quantum walk
span{|u,)[0) : u € V(G),i € LT (u) U{0}}
3 espan{ln. )0+ € V(G). j € L (1)
OB B (DI 2 € 20, € [Ty — 1)
U{|2)|Tup) 1 2 € Z&,v})
o) Suevy /(@) 0)[0).
Tu v_1 u,v
\II.A \Iﬂ U U (u,v) EE \Ijt
where ¥’ is deﬁned as in (4.6)
Unev(eytlv) s i€ L (u)} U {[vd) 1 j € L™ (v)}
\IJB Uqueﬁ :—u'u 1\117.1,’0
o 2RTWT +1
'9“7’1) _ Oy
|’LU> Z(uﬂ))eﬁ(g) \/Vm‘wuﬂ)> + Zuevo \/on(u)‘u’ 0>’0>
for any unit flow # satisfying P1-P5
|w-/4> -VRT ZuEV VW W)*, |0 +v Z uv)eﬁ G) VW uv|wuv>
7fv u)
w) VRT S, ey v (wE,) + [55))

Table 4.1: A summary of how we initialise the phase estimation parameters of Theo-
rem 3.3.8 in the proof of Theorem 4.3.1.

Thus:
1
2
|HU)A>|| < Wi() Z Z Wau,v + — Z WOU Z Wu,vTu,'U
ueV(G) vel(u) 0 uevy (u,v)Eﬁ(G)
1
= —W(G)+1+ —WT(G).
Wo \Ws)
Note that W(G) is always less than WT(G) (see Definition 3.2.7). We thus complete

the proof by substituting wo = 1/R " and using the Negative Condition of Theorem 4.3.1
that WT(G) < WT. O

We summarise all these parameters in Table 4.1and encourage the reader to compare
these with the paremeters from Table 3.1.

Conclusion of proof of Theorem 4.3.1

We now give the proof of Theorem 4.3.1, by appealing to Theorem 3.3.8, using |¢y) as
defined in (4.11), and W 4, U as defined in (4.10).
By the Setup Subroutine condition of Theorem 4.3.1, we can generate |o) in cost S.

It follows that we can generate |¢y) = —|0)]|0)]0) in cost S’ = S + log Tmax, Since the
last register is log Tiax qubits. By Lemma 4.3.3, we can implement Uy4p in cost A, +
polylog(Tmax)-

We use ¢y = 6, so ¢4 € [1,50], as desired. We use

C.=2R™WT +1, §= g and & = eRTW + 4RTW,
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To apply Theorem 3.3.8, we require that § < W, which follows, for sufficiently
large |x|, from condition TS1 of Theorem 4.3.1:

b= moomr
2 2\ RTWT )

We also require that ¢’ < %W4lc+ = 8%. The bound on ¢ implies that eRTW = o(1),
since W < WT. The bound W = o(1/RT) from TS2 of Theorem 4.3.1 implies that
ARTW = o(1).

Together these ensure that ¢’ = o(1). We verify the remaining conditions of Theo-
rem 3.3.8 as follows.

Positive Condition: By Lemma 4.3.9 and Lemma 4.3.12, if M # (), there is a §-positive

2
witness |w) such that K&lwoll® > 1 _ 1
[w) [lw)|[* = e+ — 6

Negative Condition: By Lemma 4.3.15, if M = (), there is a §’-negative witness with
llwa)|* < C-.

Thus, the algorithm described in Theorem 3.3.8 distinguishes between the cases M # ()
and M = () with bounded error in complexity:

19 (s + log Trmax + v/C_ (As + ponIog(TmaX))) —0 (s FVRTWT (A, + ponIog(TmaX)))

which completes the proof of Theorem 4.3.1.

4.4 Welded trees

A straightforward application of our technique is to the welded trees problem, first in-
troduced in [CCD 03], illustrating the power of the framework to achieve exponential
speedups over classical algorithms. This application also serves as a pedagogic demonstra-
tion of the alternative neighbourhoods technique, as it does not make use of a non-trivial
edge transition subroutine, and so the resulting algorithm is in that sense rather simple.
Although it would be possible to apply our framework without looking “under the hood”
at the underlying algorithm, to give intuition about the framework, we instead describe
and analyse the full algorithm explicitly, proving our upper bound without appealing to
Theorem 4.3.1. Since we do not make use of the edge transitions, we will in fact use the
initialisation from Section 3.4.

4.4.1 The welded trees problem

In the welded trees problem, the input is a graph G with 27+2 — 2 vertices from the set
{0,1}2", consisting of two full binary trees of depth n (the 2" leaves are at edge-distance
n from the root), which we will refer to as the left and right trees, with additional edges
connecting the leaves of one tree to another. Specifically, we assume there are two disjoint
perfect matchings from the leaves of the left tree to the leaves of the right tree. Every
vertex of this graph has degree 3 except for the roots of the two trees, which we denote
by s and ¢. The graph’s structure is shown in Figure 4.8.

We are promised that s = 02" is the root of the left tree, but other than s, it is difficult to
even find a vertex in the graph, since less than a 27”2 fraction of strings in {0, 1}?" labels
an actual vertex. We assume we have access to an oracle O that tells us the neighbours
of any vertex. That is, for any string o € {0, 1}?", we can query Og(o) to learn either L,
indicating it is not a vertex label, or a list of three neighbours (or in case of s and ¢, only
two neighbours).
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Problem 4.4.1 (Welded tree problem). We are given an adjacency list oracle O¢ for the
welded trees graph G of depth n, the goal is to output the 2n-bit string associated to the root
t.

We assume we can identify ¢ when we see it, for example by querying it to see that
it only has two neighbours. Classically, this problem requires 22") queries [CCD* 03],
which is intuitively because the problem is set up to ensure that the only thing a classical
algorithm can do is a random walk on G, starting from s. The hitting time from s to ¢ is
22(n) because a walker is always twice as likely to move towards the centre of the graph
than away from it, and so a walker starting at s will quickly end up in the centre of the
graph, but then will be stuck there for a long time. On the other hand a quantum algorithm
can solve this problem in poly(n) time [CCD " 03], with the best known upper bound being
O(n'%1logn) queries [AC21]. In fact, there is even a deterministic quantum algorithm that
solves this problem with success probability 1 in O(n'-®logn) queries [L11.24]. We show
how to solve this problem in our new framework, with O(n) queries and O(n?) time.
Specifically, in the remainder of this section we show:

Theorem 4.4.2. Let g : {0,1}?" — {0,1} be any function. Then there is a quantum algo-
rithm that, given an oracle O for a welded trees graph G as above, decides if g(t) = 1 with
bounded error in O(n) queries to Og. If g can be computed in O(n) complexity, then the time
complexity of this algorithm is O(n?).

From this it immediately follows that we can solve the welded trees problem with 2n
applications of this algorithm, letting ¢(¢) = ¢; — the i-th bit of ¢ — for i € [2n|. However, we
can also do slightly better by composing it with the Bernstein-Vazirani algorithm, which
recovers a string ¢ in a single quantum query to an oracle that computes |z) — (—1)*|z)
for any string z € {0,1}?".

Corollary 4.4.3. There is a quantum algorithm that can solve the welded trees problem in
O(n) queries and O(n?) time.

Proof. For any z € {0,1}?", define g.(t) = z -t = 2?21 z;it; mod 2. Clearly g, can be
computed in complexity O(n). To compute g.(t), we simply run the algorithm from The-
orem 4.4.2. The Bernstein-Vazirani algorithm [BV97] outputs ¢ using a single such query,
and O(n) additional gates. O

Previous quantum algorithms for this problem are quantum walk algorithms in the
sense that they construct a Hamiltonian based on the structure of the graph and simulate
it, or they exponentially reduce the dimension of the Hilbert space on which the quantum
walk takes place due to the inherent symmetry of the problem. These techniques have
not been replicated for many other problems, unlike quantum walk search algorithms de-
scribed in Section 3.1. Through this application, we hope that our new quantum walk
search framework bridges the gap between a general and easily applied technique (quan-
tum walk search algorithms) and exponential speedups.

4.4.2 (G as a weighted network

We assume for simplicity that n is even. This assumption is without loss of generality and
greatly simplifies notation. For the skeptical reader, we will consider the case where n is
odd in Chapter 6. We partition V(G) into Vo U V] U --- U V41, where Vj is the set of
vertices at distance k& from s, so Vp = {s}, and V5,11 = {t}. We first prove Theorem 4.4.2
under the assumption that it is possible to check, for any vertex, whether it is in Viyen 1=
VoUVoU--- UV, or Vogq := V1 UV3 U --- U Vs, 1. At the end of this section, we will
explain how to remove this assumption. Define M = {¢} if g(¢) = 1 and otherwise M = {).
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[ =

=

So Wpo s

=

Figure 4.8: The weights of the graph G’ (obtained from adding s to GG), and default edge
directions. The vertices in Ve, are coloured.

For k € [2n + 1], define

Ep, ={(u,v) € Vi1 X Vi« (u,0) € E(G)}
S0 [Fy| = 2k if k€ n+1] (4.24)
FIZ U 220427k if ke {n+1,...,2n+ 1}

We define the set of directed edges as follows (see Definition 3.2.1):

E@= U {wv):woeBlu | {wo):(vu)eB). (425
ke2n+1]: ke2n+1]:
k mod 4€{0,1} k mod 4€{2,3}

Note that Fj C ﬁ(G) only holds when £ mod 4 € {0,1}, so we do not always set the
default directions left to right. At the moment it is not clear why we set the directions this
way, but one thing this accomplishes is that the direction of edges switches at every layer
of V,qq. Figure 4.8 illustrates how the directions of the edges change layer by layer.

We now assign weights to all edges in G. We assign all edges in Fj the same weight,
wy,, defined:

—2lk/2] :
Wk:{ 2 if k € [n] (4.26)

9720 +2=[k/2D) if ke {n+1,...,2n+1}.

It should be somewhat clear why this might be a useful weighting: we have increased the
probability of moving away from the centre. Finally, we add a vertex sy connected to s by
an edge of weight wy and call this resulting graph G. We remark that we do not need to
account for s explicitly if we just want to appeal directly to Theorem 4.3.1, but we are
going to explicitly construct an algorithm for the sake of exemplification.

4.4.3 The phase estimation parameters

Hilbert space: Theorem 4.3.1 assumes we label the outgoing edges from a vertex u by
indices from some set L(u), and then implement a map |u, i) — |v, j) for any i € L(u) (see
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also Definition 3.2.13). Here, since we assume we can simply query the set of the three
neighbours of u, I'(u) = {v1, v2,v3}, in unit time, we can let L(u) = I'(u). In that case, the
map |u, i) — |v, j) is actually just |u,v) — |v, u), which can be accomplished by swapping
the two registers, and there is no need for more complex transition subroutines. The
decomposition of L(u) into L™ (u) = I'*(u) and L~ (u) = I'" (u) depends on the directions
we assigned to the edges coming out of u in (4.25). Since we do not make use of the
labels, not the edge transitions, we shall initialise the parameters for Theorem 3.3.8 in the
same way as we did in Section 3.4, meaning our algorithm will work on the same Hilbert
space as defined in (3.22):

H = span{|u,v) : (u,v) € B(G')}. (4.27)

Star states: The same is true for our star states, which we will define according to (3.23),
meaning that for all uw € V/(G) \ {¢t} with neighbours (in G') T'¢v(u) = {v1, v2, v3}:

8 () 06 My (1) [, 01) -\ (1) 1, 0) Wy (—1) 258 a1, v3).
(4.28)
For t the star state is similar (as we will show in (4.31)), but slightly different as ¢ only
has two neighbours.

The problem is that we cannot efficiently generate all of these star states due to the
query access that we have to the graph. For ¢ € [n — 1]p and v € Vipqq \ {t} C Vogq with
neighbours I'(v) = {uy,u2,us} there is no immediate cause for alarm yet, as we have,
referring to (4.25) and (4.26):

98 @) = (-1 (o, u1) + o, u2) + o, u5)). (4.29)
V3
Even though we don’t know which layer v is in, nor which neighbour is the parent, we
can always generate (4.29) up to a sign difference, which poses no problem if we wish to
reflect around its span.

On the other hand, for ¢ € [n] and u € Vi \ {s} C Veyen, though we can compute
Ier(u) = {v1,v2,v3}, we do not know which neighbour is the parent — the unique neigh-
bour of u that is further from the centre of the graph than u. Let p(u) € {v1,v2,v3} be
the parent of u, and ¢ (u), co(u) the other two vertices in {v1,v2,v3}. Then, referring to
(4.25), (4.26) and (4.28), the star state of u has the form:

o ) = (<112 (1) = a0} = Sluserw).

Generating this state would require knowing which of the neighbours is the parent, p(u),
which is not something that can be learned from simply querying the neighbours of w.
However, if we were to weight everything uniformly, our quantum walk would, like a
classical random walk, suffer from the fact that the centre of the graph has exponential
weight, and most time will be spent there. We avoid this problem by employing the
alternative neighbourhoods technique. For u € Viyen \ {s}, define:

. ; 2 1 1
V.] € [3]7 |¢1(U)> = \/; (|u7 Uj> - §|’LL, Uj+1> - 2|U,Uj+2>> 5 (430)
where the indices add modulo 3. Then we know that

9" () € Ik (), |2 (), [ ()} =: Uu(u),

though we do not know which one.
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Figure 4.9: A piece of the graph G (left) and the corresponding piece of the overlap graph
of the various sets of spaces that form ¥ 4 and ¥z. There is an edge between two nodes
in the overlap graph if and only if the sets contain overlapping states. Compare with
Figure 4.7.

For s and ¢, suppose the neighbours (with respect to G') are I'(s) = {v1, v2, o} and
I'¢/(t) = {u1,u2} — meaning that when we query s, we learn {v;, v2} and then we add to
I'(s) the additional special vertex sy such that v; < v2 < 59, and when we query ¢ we learn
{u1,us}. Then the star states are (up to normalisation), respectively:

/ 1 1
195 (s)) o< _\/VTO\S, s0) + 5‘55U1> + §|8,U2)
(4.31)

U (@) ox —5lt,ur) — 1t u2).

This is consistent with (4.28) (apart from the fact that ¢ only has two neighbours), since
(s0,5) € E(G') by definition, and for i € {1,2}, (s,v:) € B, so (s,0:) € E(G) since
1 =1 mod 4, and (u;,t) € Eopt1, S0 (u;,t) € E(G), since 2n +1 = 1 mod 4 (we are
assuming n is even), which is why we have minus signs in front of the |¢, u;) (see (4.25)).
We can generate |1/ (s)) and |[¢/¢’(t)), because we can recognise s and ¢. Thus, for all
v € V,qq U {s} (the vertices with easy to generate star states), we let W, (v) := {[»%" (v))}.

Transition states: Even though we do not make use of labels, nor the transition subrou-
tines from the proof of Theorem 4.3.1, we will define our transition states similarly. Our
transition subroutine must apply the transitions |u,v) — |v,u) for each V(u,v) € E(G)
Inspired by looking at the history state construction as in (4.8), but without the extra time
register, we define

V(u,v) € E(G/), [Yuw) = |u,v) — |v,u). (4.32)

The star states and the transition states (4.32) will comprise all states of A U OB as
follows:

A = U Uy(u) = U (W& (w)} U U |y (w)), |92 (w)), |92 (u))}
ueV(G) u€VoqqU{s} UEVeven \{s}
U8 = {|gu) : (u,0) € E(G).
(4.33)

Then U5 is a pairwise orthogonal set, and if we replace each ¥, (u) in ¥ with an or-
thonormal basis for span{W, (u)} we get a pairwise orthogonal set. Figure 4.9 shows that
the overlap graph for the sets U, (u) for v € V(G) and {|¢), )} for (u,v) € E(G) is
bipartite, and we have chosen ¥ and % according to this bipartition.
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Under this choice of U5, we find that B is precisely the antisymmetric subspace of
H, as in Section 3.4. In the remainder of this section, we will show that we can solve
the welded trees problem with bounded error by performing phase estimation of U,z =
(2114 — I)(2I15 — I) on the initial state (chosen as in (3.28))

%) = —= (Is0,8) + s, 50))

1
V2
as described in Theorem 3.3.8.

4.4.4 Implementing the unitary

In order to implement U 45, we need to be able to generate an orthonormal basis for each
of A and B, for which we use the following fact.

Claim 4.4.4. Let w3 = ¢*™/3 be a third root of unity. For a vertex u € V(G) with neighbours
vy < vy < vs, define for j € {0,1,2}:

|¢J(u)) = = <|u,v1> —|—w§|u,v2> —|—w§j|u,v3>> )

V3

Then these three vectors are an orthonormal set, and for u € Veyen \ {s},

span{[¢5) (u)), [v24 (u)), [3 (u))} = span{|dh" (), [$? (w))}.

For v € ‘/odd \ {t}, ) R
[0 (v)) € span{[¢)°(u))}.

Proof. Note that {[¢°(u)), 4" (u)),|¢*(u))} is an orthonormal basis — it is in fact the
Fourier basis (see Definition 2.2.1) — for span{|u,v1), |u,v2), |u,v3)}. Thus, the first part
of the statement is simply proven by observing that for each j € {0,1,2}, |[¢)(u)) €
span{|u, v1), [u, v2), |u, v3)} and <1/)1(u)|120(u)> = 0; and that span{|wi(u)>}?:0 has dimen-
sion greater than 1. The second statement follows easily from (4.29). O]

Lemma 4.4.5. The unitary Up = (2114 — I)(2I1g — I) can be implemented in O(1) queries
to Og, and O(n) elementary operations.

Proof. Let
H' = span{|j)|u,v) : j € {0,1,2},u € V(G),v € T'(u) U {L}},

so in particular |0) ® H C H' (where # is as in (4.27)). We first show how to implement
2I14 — I, by describing a unitary U, on H’, and in particular, its behaviour on states of
the form |j)|u, L), where j = 0 whenever v € V,qq U {s}, and j € {1,2} whenever
u € Veyen \ {s}. We begin by querying the neighbours of v in an auxiliary register, Q,
initialised to |0) using Og:

7w, D)10)@ = 1) u, L)lvr, v2,v3)Q

where if u € {s,t}, v1 < v and v3 = L (which we can interpret as sy when u = s), and
otherwise, since we assume u € V(G), v1 < vy < vg are the neighbours of u. We initialise
an auxiliary register A, and compute a trit |a) 4 for a € {0, 1,2} as follows, to determine
what happens next. If v3 # 1, then a = 0. Else if u = 0°” = 5, we leta = 1. Else if v3 = L
but u # 0°",sou =t, we let a = 2.
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Controlled on [0) 4, apply QFT; (see Definition 2.2.1) to |j) to obtain 17) = (J1) + w§|2> +
w?)] 13))/4/3. Then, still conditioned on |0) 4, swap the first and third registers, so now the
first register contains | L), and then perform | L) — |0) on the first register to get

10)[w)[7)|0)]v1, v2, v3) | 0) A

Then, conditioned on the value in the |;j) register, we can copy over the first, second or
third value in the |vy, vq, v3) register to get

1 , 9
S50 (IDler) + 2 e2) + w13} es)) o, 02, e5)0) 1

This requires O(n) basic operations. We can uncompute the value |i) in |i)|v;) by referring
to the last register to learn v;’s position, and then we are left with:

10Y |47 () |01, va, v3) 0|0 a-

Next, we control on [1) 4, meaning u = s. In that case, we assume that j = 0. Using v; and
vy in the last register, we can map | L) to a state proportional to \/wg|vg) + 3|v1) + 3|v2) to
get
!
0)[95" () o, v, v3) @[ 1) -

Lastly, we control on |2) 4, meaning u = t. We can compute ¢(¢) in a separate register, and
using g(t), v1, and vy, map | L) to a state proportional to: —3|vy) — 3|va) to get

10) 0" (t))|v1, v2, v3)02) A

We can uncompute the A register, since the registers containing u, and v, ve, v3 haven’t
changed. Since the register containing « has not changed, we can uncompute the register
|v1,v2, v3)g using another call to Og. Then, we have performed a map, U, that acts, for
j=0whenu € VogqU{s} and j € {1,2} when u € Vayen \ {s}, as [j)|u, L) — |0)]2 (w)),
where, using Claim 4.4.4, for all u € Viqq U {s},

span{[¢°(u))} = span{[v: (u))} = span{W, (u)}
and for all u € Veyen \ {s}:

span{[¢)" (u)), [1* ()} = span{ |} (u)), [07 (w)), [¥F ()} = span{W,(u)}.
Thus, U, maps the subspace
L :=span{[0,u, L) : u € (Voaa U{s}) \ M} U{|L,u, 1),[2,u, L) : u € Veven \ {s}}

of #’ to |0) ® span{ WA} = A, and thus, 2[4 — I = U, (2[; — I) Uj.

We describe how to implement 211, — I. First, initialise four auxiliary flag qubits
|0) 7, |0) 7,0} ,|0) , . For a computational basis state |j)|u,v) of H’, by assumption (which
is removed at the end of this section) we can efficiently check whether w is in V,4q 0r Veven,
and we can check whether u = s = 0" or u € M in O(n) cost. If u € Voqq U {s} \ M, we
check if the first register is 0, and if not, flip F to get |1)p . If u € Viyen \ {s}, we check if
the first register is 1 or 2, and if not, flip F; to get |1) p,. If the last register is not L, flip F3
to get |1)p,. Lastly if u € M U {so}, flip F, to get |1)r,. Reflect if any flag is set, and then
uncompute all flags. This can all be done in O(n) basic operations.

Next, we describe how to implement 211z — I, by describing a unitary Us on H’, and
in particular, its behaviour on states of the form |1)|u,v) for (u,v) € E(G’) with u < v.
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First, apply a Hadamard gate to the first register, and then, controlled on its value, swap
the second two registers to get

(10}, v) = [D)]v,u)) / V2.

We can uncompute the first register by adding in a bit indicating if the last two registers
are in sorted order, to get

span{|0)|¢u)} if (u,v) € E ()

0 span{|0)|tu)} i (v,u) € B(G).

Sl

(lu, v) = [v,w)) € {

Thus, Us maps
L' := span{|1)|u,v) : (u,v) € E(G'),u < v}

to span{|0) [ty ) : (u,v) € E(G’)} = B,and so 2lIg—1 = Us (2I1z — I) Ug. To implement
(2I1z — I), it is enough to check that the first register is 1, and « and v are in sorted
order (we know (u,v) € E(G’) by the structure of #'). This can be done in O(n) basic
operations. O

4.4.5 Positive analysis

In the case when ¢ is marked, so M = {t} # (), we exhibit a positive witness (see Defini-
tion 3.3.5) |w) that is orthogonal to all states in ¥ 4 U ¥, and that has non-zero overlap
with |¢g) = % (Iso, s) + |s, s0)). Once again, we construct the positive witness from any
s-t flow 6 on G, that we extend to an so-t flow #’ on G’ by sending one unit of flow from
o to s. By rescaling the corresponding flow state |0’), as defined in (3.30), we obtain our

choice of positive witness:

1 0 1
) = D T () + o)+ o (50, ) + 15, o)
V2ZEO) T T/w0) | | o= "o
(4.34)

As seen in (3.32), this state is a potential candidate for our positive witness, as it has
non-zero overlap with the initial state |¢¢):

1
(Yolw) = W— (4.35)

Note that in Section 3.4, we chose a rescaled version of |¢’) to be the positive witness,
specifically \/wo&(0) + 1]0"). This rescaling was necessary because the definition of the
optimal positive witness in Definition 3.3.9 required its inner product with the initial state
to equal 1. However, since we are not concerned with the optimal positive witness here, we
avoid applying this rescaling. Interestingly, the flow we will construct shortly corresponds
to the optimal positive witness, as we will prove in Section 6.3.

Returning to our positive analysis, the more complicated constraint to verify for our
positive witness, is that |w) must be orthogonal to both .4 and B (we require orthogonality
since we will be constructing a 0-positive witness). By construction, for any s-t flow f on
G, our choice of |w) is always orthogonal to B, as it lives in the symmetric subspace
of H (see (3.27)), and as seen in (3.31), it is orthogonal to all star states [¢)C" (u)) for
u € V(G) \ M. However, due to the technique of alternative neighbourhoods, there are
now additional states |¢/J(u)) € W 4, and in order to be orthogonal to all of these, the flow
must satisfy additional constraints. We will show that all these constraints are satisfied by
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the natural choice of flow that, for each vertex, comes in from the parent and then sends
half to each child. That is, letting Ej, for k € [2n + 1] be as in (4.24), and Ey = {(v, s)},

define
1

A =27k (4.36)

VEk € 2n+ 1], (u,v) € Ej, Oy, =
Then we first prove the following:
Claim 4.4.6. Let u € Viyen \ {s}, and let |w,) = (Ju)(u| @ I)|w). Then |w,) x \QZO(U»

Proof. Since u ¢ {s,t}, we have

Guv eq)u 9uv
wa) o< > V’i\u,v)—i— > Y fuv) = Y (=1, v).

w.
vel ™t (u) wv vel ™ (u) Wy vel(u) Wy

using 0y, = —0yu, Wy = Wy, and A, , = 0if v € I'"(u), and 1 otherwise. Recall that
u has three neighbours: a parent p(u) and two children ¢;(u) and c3(u). Since u € Vo
for some /, the edges adjacent to u are (up to direction) in Ey, and Fypq. If £ is even,
2¢ = 0 mod 4 and 2/ + 1 = 1 mod 4, so by (4.24), Ap(u),u = Au,cl(u) = Au,cz(u) =0 if
¢ € [n/2] (i.e. u is in the left tree, so its parent is to its left) and = 1 otherwise. If ¢ is odd,
2¢ =2 mod 4 and 2/ 4+ 1 = 3 mod 4, so Ap(u),u = Au,cl(u) = Au,(:g(u) =1ifl e [n/2] and
= 0 otherwise. Thus, since (—1)2wr() = —(—1)2rw., we always have

9u u euc u euc U
[w,,) o + (—’p“ru,pm» + 0y e (u) + —22 c2<u>>> .

Wa,p(u) Was,cq (u) Wy, co(u)

Suppose ¢ € [n/2], so u is in the left tree. Then (p(u),u) € E9, so we have

1

—2¢ —T20/2 —¢
0 _ep(U),u:—|E2€|:—2 and\/mz\/@zg [2¢/21 _ 9

u,p(u) =

by (4.26), and for i € {1,2}, (u,c¢;i(u)) € Es41, so we have

1
911, ci(u) — = 27(254“1) and Woyci(u) = w — 2*{(2@4»1)/2] _ 27([4»1)
) By ] VWaes(u) = VW2et1

also by (4.26). Thus:
—o—2 9—(20+1) o—(26+1)
|wa) oc £ —W!um(u» + WW, ci(u)) + W\u,@(u))
= 427 (Ju, p(u)) + [u, c1(w)) + |u, ca(w))) .

On the other hand, if ¢ € {n/2 + 1,...,n}, so that u is in the right tree, we have
(u, p(u)) € Eaet1, s0:

L o-(ent2-20-1)

N — 92— (n+1-2)
u,p(u) | Far 1| ’

and \/Wu,p(u) = \/W2€+1 =

and for i € {1,2}, (¢;(u),u) € Egy, so:

1
u,ci () ci(u),u |E2€|

and

VWaei() = VW2t = 9—(n+2-[%]) _ 9—(n+2-0)
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Thus:

9—(2n+1-2¢) —_9—(2n+2-2() _9—(2n+2-20)
|wa) oc £ —WW,}?(U)) + WW,Q(U» + W\U ca(u))

= 72" (Ju, p(w)) + |u, c1(u)) + |u, ca(u))) -

Hence, letting {vi,ve,v3} = {p(u),c1(u),c2(u)} with v; < ve < ws, for any ¢ € [n], if
u € Vi, we have |wy,) o< |u,v1) + |u, v2) + |u, v3). O

Then we have the following:

Lemma 4.4.7. Suppose M = {t}, and let |w) be as defined in (4.34) with respect to the flow
defined in (4.36). Then |w) is a O-positive witness (see Definition 3.3.5) with:

Ilw) |
’<w|1/}0>‘2 O(Won)+1

Proof. To show that |w) is a O-positive witness, we must show that it is orthogonal to
all states in ¥ 4 U ¥p. For (u,v) € E(G), it is clear from the definition of |w), and the
definition of [t ,) = |u,v) — |v,u) (see (4.32)) that (w|¢),,,) = 0, meaning |w) € B*.

Recall that we already know from (3.31), that (/%" (u)|w) = 0 for all u € V(G) \ {t},
if 0 is an so-t flow on G’. So we now simply check that 6, as defined, is indeed an sq-t
flow on G’. Suppose u € Vj for some k € [n]. Then u has three neighbours: a parent
p(u) € Vi_1, and two children ¢ (u), ca(u) € Viy1. We have

1 1 1

0, —0

plu) = TUp(u)u = T || and 9%01(“) - 6%02(“) - | Bt - 2| Ey|’
and thus
eu,p(u) + eu,cl (u) + eu,cz (u) = 0.
The case for kK € {n + 1,...,2n} is nearly identical, meaning 6 is conserved at all u €
V(G) \ {t}. Lastly, 6 is indeed a unit flow with its source at s and its sink at ¢, since
1 1
Oso = Os,s = 1, O =0c(t) T Otear) = 575" -1

It thus only remains to show orthogonality of |w) with the states of ¥ 4 that are not
star states of G’. The only such states are those in (4.30) (some of which are also star
states of G'). By Claim 4.4.4, it is sufficient to show orthogonality with the states |7 (u)),
for j € {1,2} and u € Viyen \ {s}. Then letting v; < v9 < v3 be the neighbours of u, and
appealing to Claim 4.4.6:

VB[ () = (wal (Ju,v1) + wfu, vo) + w3 [u, vg)
o ((u, v1] + (u, va| + (u,v3|) (|u,v1) +w§|u,v2> +w§j|u,v3>>
x 1+ w)+wd =0.

Since by (4.35) we know that (yp|w) = 1/1/woE(A) + 1 and flow states, and hence also
|w), are by construction normalised, we only need to compute £(f) to complete the anal-
ysis of its complexity. Here we make use of the fact that all edges in Ej have the same
weight, w;, (see (4.26)), and flow,

IE K
2n+1
(u,v) GE(G) Wi
n 2n+1
1 1 1
ZT 2[k/2] + Z 92n+2—k 9—2(n+2—[k/2]) =0(n). O
k=1 k=n-+1
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Remark 4.4.8. The reader may wonder why the weights change by a factor of 4 every two
layers, rather than by a factor of 2 every layer. If we set all the weights to 1, the positive
witness size is constant, while the negative witness size is exponential. If we change weights
by a factor of two at each layer, the negative witness size is constant, whereas the positive
witness size is exponential. With the setting of weights that we have chosen, both witness
sizes are linear in n (up to scaling by wg). This setting of weights and edge directions cre-
ates a perfect duality between positive and negative witnesses. For vertices u € Voaa, we
include the star state, which is proportional to 190 (u)) (see Claim 4.4.4) in W 4, so the flow
through u must be in span{|1/1 (u)), ]1/12( ))}. Conversely, for vertices u € Voyen, we include
span{|w (u)), |1/12( ))}in W 4, so the flow through u must be proportional to WO( ).

4.4.6 Negative analysis

For the negative analysis, it would be sufficient to upper bound the total weight of G and
appeal to Theorem 4.3.1, but we will instead explicitly construct a negative witness (see
Definition 3.3.2) in order to appeal to Theorem 3.3.8. We choose our negative witness
according to (3.39), meaning:

‘w.A Z W* ( )))

ueV(G) \/7
1 \/2Wu,v
lwg) = 7 (Is0:s) = ls,s0)) + > N (lu, v) = v, u)).

Then we prove the following:

Lemma 4.4.9. Suppose M = (). Then |w 1), |wg) form a 0-negative witness with |||w.4)||* =
O(n/wp) + 2.

Proof. When M = { (that is, ¢t ¢ M), the star state |/ (¢)) lies in A. As a result, each
1S (u)) lies in A for u € V(G), meaning so does |w4). By construction it is also straight-

forward to see that |wg) lives in B, i.e. the antisymmetric subspace of . We know,
referring to (3.40), that for this choice of |w4) and |wg), we have

) + lws) = V3ls, s0) + ;5 (150, 5) — |5, 50)) = ¢1§ (150, 5) + |5, 50)) = o).

We can analyse the complexity of this witness by computing an upper bound on |||w.4)||*:

2

2
llwal = o= | =vAols so) + D (=)@l v)
0 (u,0)€E(G)
9 2n+1
== ) we+2—— > | Bilwg +2
Wo
ecE(G) k=0

B %ZW+% ) yanra—aneya T2 = O(n/wo) +2
k=0 k=n+1

using the fact that edges in Ej, have weight wy, defined in (4.26), and |Ey| in (4.24). O
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4.4.7 Conclusion of the proof

We now apply Theorem 3.3.8 to conclude the proof of Theorem 4.4.2. By Lemma 4.4.7,
there is some constant ¢ such that setting wyp = 1/(cn), whenever M = {t}, there exists a
positive witness |w) with
)
<oy =2,
[ {w]to)[?

Then by Lemma 4.4.9, there is some
C_ = O(n/wp) +2 = O(n?

such that whenever M = (), there exists a negative witness with |||w4)||* < C_. Since the
initial state |¢)g) = % (]s0,s) + |s, s0)) can be prepared in S, = 0 queries and S = O(n)
time, and by Lemma 4.4.5, the unitary can be implemented in O(1) query to O¢, and O(n)
time, the phase estimation algorithm distinguishes between the cases M = () and M = {t¢}

. 0 <0 + \/CT> =O(n) and O <n + \/Cin> = 0(n?)

queries and time respectively.

4.4.8 Removing the Assumption that u € V,,., can be Checked

We do not actually require an extra assumption that the algorithm can efficiently check,
for a vertex u, if it is in Veyen O Vpqq. Intuitively, this is because if a walker starts at u, she
can always keep track of the parity of the distance from u, by keeping track of a bit that is
initially 0, and flips every time she takes a step. More precisely, we can define a graph G
as follows:

V(GO) = Veven X {O} U Voda X {1}

E(Go) = {{(u,0),(v,1)} : (u,v) € E(G),u € Veyen},

so that a walk on G is like a walk on G, except that there is a bit indicating which of the
two independent sets we are in, which we flip at every step. To find the neighbours of any
vertex (u, b), simply query O¢ and append b & 1 to each of the three returned strings. We
let (s,0) and (¢, 1), which are both in V(Gy), take the places of s and ¢.







CHAPTER 5

Application: k-distinctness

God schiep de dag, en wij sleepten ons
erdoorheen.

Dimitri Verhulst, De helaasheid der
dingen

This chapter is based on Section 5 in the paper Multidimensional Quantum Walks, with
Application to k-Distinctness [JZ23], which is joint work with Stacey Jeffery.

3 1
The quantum query complexity of k-distinctness is known to be O(n* *2*-1) for any

constant k > 4. However, this upper bound was established existentially rather than
constructively, leaving the efficient implementation of the required unitaries unclear.
Consequently, it was not possible to analyse the time cost of this algorithm. The best
previously known upper bound on the time complexity of k-distinctness was 5(n1_1/ k).

=

In this chapter, we present a new upper bound of 5(n%7%ﬁ) on the time complexity,
matching the best-known query complexity upper bound up to polylogarithmic factors.
This improvement is achieved by designing a quantum walk algorithm using our novel
multidimensional quantum walk framework introduced in the previous chapter. Since
both the construction and analysis of our algorithm are technically involved, we first
address the 3-distinctness case as a useful warm-up.
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5.1 Introduction to the problem

In the problem of element distinctness, the input is a list of n integers, and the output is a
bit indicating whether the integers are all distinct, or there exists a pair of integers that
are the same, called a collision. This problem has been studied as a fundamental problem
in query complexity, but also for its relationship to other more practical problems, such
as sorting, or collision finding, which is similar, but one generally assumes there are many
collisions and one wants to find one. In the worst case, element distinctness requires O (n)
classical queries [Ajt05].

The first quantum algorithm that managed to improve upon this was a O(n*/*) query
algorithm [BDH"05], which is a variation of an optimal quantum algorithm for collision
finding [BHT97], whose main technique is amplitude amplification [BHMTO02]. The algo-
rithm of [BDH'05] could also be implemented time efficiently, in O(n/4) steps, with a
log factor overhead from storing large subsets of the input in a sorted data structure. This
was later improved to O(n2/3) queries, and O(n?/3) time by Ambainis [Amb07], which is
optimal [AS04]. Ambainis’ algorithm has been modified to solve other problems in various
domains, from k-sum [CEO5], to path finding in isogeny graphs [Tan09, CLN16]. More-
over, this algorithm was a critical step in our understanding of quantum query complexity,
and quantum algorithms in general, as the algorithm used a new technique that was later
generalised by Szegedy into a generic speedup for random walk search algorithms of a
particular form [Sze04].

For any constant integer k > 2, the problem of k-distinctness is to decide if an input list
of integers contains k copies of the same integer. More formally, given an input = € [¢]",
for some ¢ € poly(n), the problem is to decide whether there exist distinct a1, ..., ax € [n]
such that z,, = --- = z,,, called a k-collision. A search version of this problem asks
that the algorithm find a k-collision if one exists. When k = 2, this is exactly element
distinctness. The search and decision versions are equivalent up to log factors, so we
focus on the decision version.

Ambainis [Amb07] actually gave a quantum algorithm for k-distinctness for any & > 2,
with query complexity O(n'~/*+1) and time complexity O(n'~Y/*+1). For k > 3,

Belovs gave an improved quantum query upper bound of O(ng/ 4_i?’%—l) [Bell2a], how-
ever, this upper bound was not constructive. Belovs proved this upper bound by exhibiting
a dual adversary solution, which can be turned into a quantum algorithm that relies on
controlled calls to a particular unitary. This unitary can be implemented in one query, but
actually implementing this algorithm requires giving an efficient circuit for the unitary,
which is not possible in general. This is analogous to being given a classical table of val-
ues, but no efficient circuit description. While it seems reasonable to guess that the time
complexity of k-distinctness should not be significantly higher than the query complexity
— what could one possibly do aside from querying and subsequently sorting well-chosen
sets of inputs? — the problem of finding a matching time upper bound was open for ten
years.

In the meantime, the hardness of the problem was also studied. Lower bounds of
Q(n%_ﬁ) for £ > 3 [BKT18] and Q(n%_ﬁ) for k > 4 [MTZ20] were exhibited. Progress
was also made for the £ = 3 case specifically when it comes to time complexity. Two
simultaneous works, [Bel13] and [CJKM13] (published together as [BCJ"13]), gave a
O(n®/") time upper bound for 3-distinctness. Ref. [Bel13] achieved this bound using the
electric network framework, which we discussed in Section 3.4. Ref. [CJKM13] used the
MNRS quantum walk framework [MINRS11], and could also be generalised to give a slight
improvement on the time upper bound to 5(n1_1/ k) for any k > 3 [Jef14]. These state-
of-the-art upper and lower bounds on the query and time complexity, up to this work, are
visualised in Figure 5.1.
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Figure 5.1: State-of-the-art upper and lower bounds on query and time complexity, up to
this work. The upper bound on time complexity ignores polylogarithmic factors in n.

~ 3_1_1
In this chapter, we give an upper bound of O(n* *2f-1) on the time complexity of

k-distinctness (see Theorem 5.5.1), matching the best known query upper bound up to
polylogarithmic factors. We do this by applying the framework of multidimensional quan-
tum walks from Chapter 4, specifically Theorem 4.3.1. As a warm-up, we describe the
k = 3 case of our algorithm in Section 5.4, before giving the full algorithm in Section 5.5.
First, we describe some assumptions on the structure of the input in Section 5.3.

5.2 Probability theory

The transition subroutines that we will employ in our quantum walk for k-distinctness,
and even 3-distinctness, will not be deterministic and will hence run with some errors, as
discussed in Section 4.3.1. To deal with the analysis of these errors, we make use of the
following facts from probability theory.

Hypergeometric distribution: In the hypergeometric distribution, specified by the pa-
rameters (N, K, d), we draw d objects uniformly without replacement from a set of N
objects, K of which are marked, and consider the number of marked objects that are
drawn. We will use the following:

Lemma 5.2.1 (Hypergeometric Tail Bounds [JLR11]). Let Z be a hypergeometric random
variable with parameters (N, K, d), and p = %. Then for every B > Ty, Pr[Z > B] < e 5.
Furthermore, for every ¢ > 0,

Pr(|Z — 1] = en] < 2exp{—((1+ €) log(1 + €) — Ju}.

We will make use of the second bound from Lemma 5.2.1 in the following form, when
w=o(l):

Corollary 5.2.2. Let Z be a hypergeometric random variable with parameters (N, K, d), and
p= 52 Then Pr[Z > ] < 2¢%(c/p) ="
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d-wise independence It will be convenient to divide the input into blocks, which we
will argue are random. In order to avoid the ©(n) cost of sampling a uniform random
permutation to define these blocks, we use a d-wise independent family of permutations.

Definition 5.2.3. Let {75 : [n] — [n]}scs for some finite seed set S. For d € Nand ¢ € (0, 1),
we say that 75 is a d-wise d-independent permutation (family) if for s chosen uniformly at
random from S, for any distinct iy, . .. ,iq € [n] and distinct i}, ... ,i, € [n],

1

Pr[Ts(il):ill’.”’Ts(id):i/d]_n(n—l)...(n—d—|—1) < 6.

For d € polylog(n), and any § € (0,1), there exist families of d-wise J-independent
permutations with the following properties (see, for example, [KNR09]):

* s can be sampled in O(dlogn log %) time and space.

* Forany s € S, i € [n], (i) can be computed in time poly(dlognlog ).

* Forany s € S, i’ € [n], 7, }(i’) can be computed in time poly(dlognlog }).

s s
For an example of the third property, in d-wise independent permutation families based
on Feistel networks applied to d-wise independent functions h, inverting 7;, is as easy as
computing h. We will design our algorithms assuming such a construction for § = 0, al-
though this is not known to exist. By taking ¢ to be a sufficiently small inverse polynomial,
our algorithm will not notice the difference.

5.3 Assumptions on the input

To simplify our algorithm (slightly unsuccessfully that is, as it still occupies an entire
chapter in this thesis), we assume that either there is no k-collision, or there is a unique
k-collision, aj,...,ar € [n]. This is justified by the following lemma, which follows
from [Amb07, Section 5].

Lemma 5.3.1. Fix constants k > 2 and A € [1/2,1). Let A be an algorithm that decides
k-distinctness in bounded error with complexity 5(n’\) when there is at most one k-collision.
Then there is an algorithm A’ that decides k-distinctness (in the general case) in bounded
error in complexity O(n™).

This fact has been exploited in nearly every quantum algorithm for k-distinctness.
Another standard trick is to assume that [n] is partitioned as

[n]=A1U---U A

such that the unique k-collision (a1, ..., ax), (if it exists) is in A; x - - - x Aj. Towards fixing
Problem 1 from Section 4.2.3, we further partition each of As,..., A;_; as

Ap= AP U oAl

for some m,. We will choose these partitions as follows. Fix a d-wise independent permu-
tation 7 : [n] — [n], for d = longfl(n) that is both efficiently computable, and efficiently
invertible (see Definition 5.2.3 and the discussion below). For ¢ € [k], define:

Ag={r(i) i€ {(—)n/k+1,....nJk}}

and for j € [my], define:

AY = {T(z’) e {(z Dn/k+ (j — 1)%+1,...,(57 1)n/k+jn}}. (5.1)

km kmy

We make use of the following facts about these partitions:
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Lemma 5.3.2. 1. For any i € [n], we can check to which Ag) it belongs in polylog(n)

complexity.

2. For any (¢ € [k], we can generate a uniform superposition over Ay, and for any j € [my],
we can generate a uniform superposition over AEJ ), in polylog(n) complexity.

3. Prla; € Ay,...,a; € A] = Q(1).

Proof. Since d € polylog(n), we can assume (see discussion below Definition 5.2.3) that
both 7 and 7~! can be computed in polylog(n) complexity. Then for Item 1, it is enough to
compute 7 1(3).

For Item 2, we describe how to perform a superposition over {7(i) : i € {¢,...,r}} for
any integers ¢ < r. First generate the uniform superposition over the set {/,...,r}, and
compute 7 in a new register, to get (up to normalisation) >, |¢)|7(¢)). Then uncompute
the first register by computing 7' of the second register and adding it into the first.

Finally, Item 3 follows from the d > k-wise independence of 7. O
For any disjoint subsets of [n], Si,..., Sy, define:

K(S1,....80) ={(i1,...,ip) € S1x -+ X Sp:xy =+ =wx, }. (5.2)

Then without loss of generality, we can assume that for each Age), KAy, ..., Ajq, Ag»[)) =

®(|A§-Z) |), because we can simply pad the input with ©(n) extra (k — 1)-collisions, evenly
spread across the blocks.

5.4 Warm-up: 3-distinctness algorithm

In this section, we prove an upper bound on the time complexity of 3-distinctness.

Theorem 5.4.1. There is a quantum algorithm that decides 3-distinctness with bounded
error in O(n°/") complexity.

This upper bound is not new, having been proven in [BCJ"13], but its proof in our
new framework is a useful warm-up for Section 5.5, where we generalise the algorithm
to all constants £ > 3. Throughout this section, O will suppress polylogarithmic factors
in n. Our algorithm will roughly follow the one described in Section 4.2.3, but with the
modifications, also briefly mentioned in Section 4.2.3, needed to circumvent the problems
with the approach, for which we need the multidimensional quantum walk framework,
Theorem 4.3.1. We start by setting up these modifications, before formally defining the
graph that will be the basis for our quantum walk algorithm, and then performing the
necessary analysis to apply Theorem 4.3.1.

Recall from Section 4.2.3 that the basic idea of our quantum walk algorithm is to walk
on sets R = (R, R2) where Ry C A; and Ry C A,.

Towards fixing Problem 1: The first problem identified in Section 4.2.3 is that | Ry| is
larger than the total time we would like our algorithm to spend, meaning we do not want
to spend | Rs| steps sampling and writing down the set Ry. To this end, we have partitioned
As into equal sized blocks:

Ay =AVP U uAlm),

(see Section 5.3 for details of how this partition is chosen). We redefine R, as follows:
whenever we want to choose a subset of Ay, we do so by selecting Ry C [ms], which
encodes the subset of A,: '

Ry := U Agj ).

JER2
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We choose mg so that |Aéj )| = g, Is large enough so that for a random set 1, of size
r1, the expected size of (R, Aéj)) is constant, so we set mo = ©(r1). Finally, we choose
ty = |Rs| so that |Rs| = tgﬁ is the desired size of Ry (denoted ry in [Bell2a]) and
for consistency also define ¢t; = r;. We will find that the optimal parameter settings are

t1 =n5/7 and ty = n*/7 (so my = O(n5/7)).

Towards fixing Problem 2: In order to solve the second problem discussed in Sec-
tion 4.2.3, following a similar construction in [Bel12a], each of Ry and R, will be a tuple
of disjoint sets, as follows. We have R; = (R1({1}), R1({2}), R1({1,2})) where R;({1}),
R1({2}), and R;({1,2}) are disjoint subsets of A; of size ¢;; and Ry = (Ra(1), R2(2)),
where R»(1) and R9(2) are disjoint subsets of [ms] of size 2 (note that this alters | R;| and
| R2| by a constant factor), meaning for s € {1, 2},

EQ(S) = U Agj)
JER2(s)

are disjoint subsets of A of size {53 —. We also use R and R» to denote the union of sets
in the tuple, so for example, j € Ry means j € Ro(1) U Ro(2).

For a vertex labelled by R = (R, R2), we maintain data with the following compo-
nents. We query everything in Ry, so for S € 2112} \ (), we define:

Di(Rq1(9)) = {(i1,zi,) = i1 € R1(S)}
Di(R) :== (D1(Ri({1})), D1(Ra({2})), D1(R1({1,2})))

and for s € {1, 2} define

DQ(RQ(S)‘Rl) = U {(il,ig,.%'il) Tl € Eg(S),il S Rl(S),l‘il = $i2}
SC{1,2}:s€8 (5.3)

D3y (R) = (D2(R2(1)|R1), D2(R2(2)| Ra))-
Finally we let
D(R) := (D1(R), D2(R)).

So to summarise, we query everything in R, but we only query those things in R that
have a collision in R;, and even then, not in every case: if iy € Ro(s), we only query it if it
has a collision with R;({s}) or R;1({1,2}) (see Figure 4.5). This partially solves Problem
2, because it ensures that if we choose to add a new index 7; to R, we have three choices
of where to add it, and either all of those choices are fine (they don’t introduce a fault in
Dy(R)), or exactly one of them is fine.

For a finite set S, and positive integers r and ¢, we will use the notation

S S
(r(£)> = (r,...,r) G4

——

£ times

to denote the set of all /-tuples of disjoint subsets of S, each of size r. Finally, we define:

S\* ¢ S
<T(£)> = Z/L—Jl ((T(le),’f’ + 1’7.({{/))) ) (5.5)

to be the set of all /-tuples of disjoint sets of S such that exactly one of the sets has size
r + 1, and all others have size r. We let 1(S) denote the smallest element of S.
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5.4.1 The graph GG

We now define G, by defining disjoint vertex sets Vy, V', V1, Va, V3 whose union will make
up V(G), as well as the edges between adjacent sets.

Vo:  We first define
0 Al [mQ]
Vo ‘=S VUR R, = (O,Rl,RQ,D(Rl,Rg)) : (Rl,RQ) S t(3) X t(2) (5.6)
1 2

on which the initial distribution will be uniform: U(”(l)h, Ry) = Vll\ We implicitly store all
sets including R;, Ry and D(R;, Ry) in a data structure with the properties described in
Section 3.5.1. This will only be important when we analyze the time complexity of the
setup and transition subroutines.

V0+ and Ear Cc Vp x V0+: Next, each vertex in V(;r will be labeled by a vertex in Vj,
along with an index i; ¢ R, that we have decided to add to one of Ry ({1}), Ri({1,2}) or
R1({2}). We have not yet decided to which of the three sets it will be added (nor added
it):

‘/E)—i_ = {U%I,RQ,il = ((07+)7R1)R27D(R17R2)7i1) :/UORLRZ € ‘/Oyil € Al \ R1}7
so |Vy"| = [Vol(n/3 — 3t1). (5.7)

There is an edge between v}, € Vj and v}, ; € V! for any iy € Ay \ Ry, and for any VR, €
V0+, v% € Vj is its unique in-neighbour, so we define edge label sets (see Definition 3.2.13)

L*(vg) == A1\ Ry and L™ (vg;,) = {+},

and let fy (i1) = v}, , and fg, ()= v%. We let E; be the set of all such edges,
ES' = {(v%,v%’il) : v% € Vo,i1 € A1\ Rl} ,

and set w, = wg = 1 for all e € E. This together with (5.7) implies that

\Ef | =V = Vol (n/3 = 3ty). (5.8)

Viand E| C V(fr x Vi:  Continuing, vertices in V; represent having added an additional
index to Ry, so we define:

‘/1(5) = {U]l%th = (1,R1,R2,D(R1,R2)) . (59)
A +
(Ri, Ra) € ( (31)> X <[TZ2)]>’ [Ri(S)] =t1+ 1},
tl t2
= |J W

Seal1.2)\ {0}

3 3—3t 3 — 9t
so [V1] =3 n/ 2 :3& n/ mz ) _n =9
t1+ 1,t1,t1) \to, 2 t1+1 \t1,t1,11) \t2,%2 t1+1

(5.10)

For a vertex v% o € VOJr we have chosen an index i; to add to R;, but we have not yet

decided to which part of R; it should be added. A transition to a vertex in V; consists of
choosing an S € 2{1:2} \ {§} and adding i; to R;(S), so

L* (v, =212\ {0},
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and f, 0. (S) = v}, where R’ is obtained from R by inserting i; into R;(S). Note that not
all of thelse labels represent edges with non-zero weight, as we want to ensure that adding
i1 to R1(S) does not introduce a fault, meaning that adding i; to R;(.S) should not require
that any collision involving i; be added to Dy(R).

Viewing transitions in E; from the other direction, a vertex v}, € V;4(S) is connected
to a vertex vy, € V," if we can obtain R from R’ by removing i; from R}(S), and if
doing so does not require an update to Dy(R’), meaning there do not exist any s € .S and

is € Ry(s) such that z;, = z,,. So for any vk € Vi(S), we let

L™ (vg) = {i1 € R|(S):Bs € S,ia € Ry(s) sit. @y, = 24, }

, » o , (5.11)
= {iy € RY(9) : Py s.t. (i1,42,75,) € Do(R))},

. _ 0 . .
and fvll% (1) = RA\{ir} iy 1C1S currently not clear how to define £, the set of (non-zero
weight) edges between V" and Vi, because |Vi"| - [LT (v}, )| > |[Vi| - L™ (vE)], so in
particular, we cannot assign nonzero weights w,,; to all u € V5", i € L™ (u), because that

would make FE; larger than we have labels L~ for. We will instead assign non-zero weights
w,,; to those edges where v € V; and j € L™ (v). That is, define:

B = {(fvll%/(il),vh/) = (v%,\{il}7i1,v}%/> :v}gl € Vi,i1 € L_(Ull%/)}

and give weight w, = w; = 1 to all e € F;. This means that for u = U%ﬂ,il € V0+, there are
some S € 2{1:2h\ {§} with w, s = 0 — namely those with f, ' (u) ¢ L™ (v) for v = f,(5).
To investigate which S this applies to, we introduce for all U%,il eV

I(v%/’il) = {s€{1,2} : Jig € Ry(s) s.t. z, = x4, } (5.12)

o) I(v%}il) consists of those s € {1,2} where a fault occurs if i; is added to R;(S) such
that s € S. Note that since we assume the unique 3-collision has a part in A3, i; can have
at most one colliding element in Ry, and so it cannot be in both Ry(1) and Ry(2), which
are disjoint. Thus, I(”%,z‘l) C {1,2} —soitis ), {1}, or {2} (this heavy-handed notation
is overkill here, but we are warming up for k-distinctness, where it is necessary). We now
have the following:

Lemma 5.4.2. Let R°"! be obtained from R by inserting i, into Ry (S). Then

1L2RN\Z(v},
By = {(v%,wv}{sﬂl) vg, €VHL S € 2N, ) {V)}}.

So for all U%{,il e Vs, and S € L+(U_[I)%,i1):

Woo . wy =1 l.fSﬁI(UORJI):@
0 else.

Proof. Let E’ be the right-hand side of the identity in the theorem statement, SO we want
to show E; = Ej. Fix any vR €V,hand S € o LN (W) \ {0}, and let R = RS,
Then since S N Z(vg,,) = 0, by definition of Z(vg;, ) there does not exist any s € S and
ig € Ry(s) such that z;, = x;,. Hence L~ (v},), which implies E| C E.

For the other direction, fix any v}, € V4(S) and iy € L™ (vR,) Since i; € R)(S), we
have v 1y5, € Vo' ani(R’ \ {i1})°<% = R’. Since by definition of L~ (v},) there does
not exist s € S and iz € Ry(s) such that z;, = x;,, we immediately have SNZ(vgn fi1y,i,) =
(). This implies E; C EJ.

From (5.7) we now have

|Er| < 3|VT| = 3|Wol|(n/3 — 3t1). (5.13)



5.4. Warm-up: 3-distinctness algorithm 89

Vo and By C V7 x Vo: Vertices v}% € V1(S) represent having added an additional index i,
to R1(S), so |R1(S)| = t1 + 1. A vertex U?h,Rg € V, is adjacent to v}, if R is obtained from
Ry by adding j2 ¢ Rs to Ra(s) for some choice of s € {1,2}. We will not let this choice
of s be arbitrary though and instead, in order to simplify things in the more complicated
k-distinctness setting, we require that jo be added to Ro(u(S)), where p(S) denotes the
minimum element of S.

+ o\
Vao(S) = {v}% =(2,R,D(R)): R € <;131)> > <[t(22)]> ,
1 2
[R1(S)| =t + 1, [Ra(u(5))] = t2 + 1},
V= | V).

Seall.2h\ (0}

This means that

3
val=s(, " "
t1 + 1,861,281 ) \t2 + 1,12
:Sn/3—3t1 77,/3 m2—2t2 mo —0 an‘VO| '
t1+1 \t1,t1,t1) ta+1 \la, 1o t1to
We move from U}% cVjto v%, € V; by selecting some jo € [mg]\ R2 to add to Rs; and from

v%, to v}, by selecting some js to remove from Ry, so for v}, € Vi(S) and v%, € V4(S), we
let

(5.14)

L*(v) := [m2] \ Rz and L™ (vy) := Rj(u(S))-

The sets Lt (v}) and L™ (v}) (defined in (5.11)) should be disjoint, but this does not
appear to be the case. To ensure this, we implicitly append a label <— to every label in
L~ (u) for any u, and — to every label in L*(u). We let fvll%(jg) = vz (5) i when
1,40
1 . _ 1 . .
vy € V1(S5), and f”?zl,ag (j2) = VR RO\ [} Accordingly we define F(S) to be the set of all
such edges:

E:= {(v}?’v?ﬁ i) ; vg € Vi(S), j2 € [ma] \ R}
Sea{.2h\ (g} o

= U {(homiey vhm) Vi, € Va(S). 42 € Ra(u(S)) }
Se2{1.2h\ {¢}

We set w, = wy = y/n/my for all e € F5, and observe, using (5.10), that:

(mQ — 2t2)(n — 9t1)

Fs| = — 2to) | V4| =
|Ea| = (ma — 2t2)| V1] P

Vol (5.15)
The final stage: V5 and F3: The last stage is very simple, as every vertex in V3 represents
having added an additional index to each of R;, R, and chosen some i3 € Ajs:

Vs = {vh, g, = (3, R1, Ro, D(Ry, Ry), i3) : v, g, € Va,iz € Ag}.

There is an edge between v}, € V; and v}, ;. € V3 for any i3 € A3, and for any v}, ;. € V3,
v% is its unique (in-)neighbour, so we define

L*(v) = A and L(vk,) = L™ (vhy,) == {1},
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u j €L (u) fu(9) i€ LF(u) Ju(i)
v} € Vo 0 i1 € AL\ Ry VR,
Vri € Vo' < v | S e} | vpse,

’U],lpL S Vl(S) 11 € Rl(S) : dz(ll) =0 U%\{il},il j2 S [ﬂ’LQ] \ Ry ’U?W(S)Fj?

VL eVa(S) | o€ Ra(u(S)) R\ () i € A3 Vhiy

3 k—1
Upiy € Vs — vp 0

Table 5.1: A summary of the vertex sets and the labels of edges coming into and out of
each vertex. Foreshadowing Section 5.5, we here define d7; (i1) to be 0 if and only if there
is no is € (J,cg R2(s) such that z;, = x;,. Here RMS)< 72 is obtained from R by inserting
J2 into Ra(u(S)), where p(S) is the minimum element of S. We remark that L~ (u) and
L™ (u) should always be disjoint. To ensure that this holds, we implicitly append a + label
to all of .~ (u) and a — label to all of L™ (u).

and let f,2 (i3) = v}, and fys (+) = v}. We let Ej be the set of all such edges,
3 ,ig

Es = {(vk, vh,) - vF € Va,i3 € Az},

and set w, = w3 = 1 for all e € E3. Then using (5.14) we observe

n an
|Es| = - |Val ZO( 2|Vo|>- (5.16)
3 t1to

The graph G: The full graph G is defined by

V(G)=VUuV,fuViulauVs
and E(G) = {(u,v) : u € V(G),i € L*(u),wy; # 0} = EX U Fy U Ey U Es,

where the sets Lt (u) are summarised in Table 5.1, and the condition under which the
weight w,,; = 0 can be found in Lemma 5.4.2. Non-zero edge weights are summarised in
Table 5.2.

The marked set and checking cost: In the notation of Theorem 4.3.1, we let Vjy = Vs,
and we will define a subset M C V3 as follows. If (a1, a9, a3) € A x Ag x As is the unique
3-collision (see Section 5.3), we let

M = {0}, gy, € Va1 35 € 202\ {0}, st a1 € Ri(S), a2 € Ra(u(9)), a3 = is } .

(5.17)
and otherwise M = (). Recall that vi’thwg = (3, Ry, Re, D(R1, Ry),i3), where D(Ry, Rs)
includes Dy(R), defined in (5.3), storing all pairs (i1,i2,z;,) such that z;, = x;, and
35 € 2112} and s € Swithi; € R;(S) and iy € Ry(s). Thus, we can decide if v} pyis € V3
is marked by querying i3 to obtain z;, and looking it up (see Section 3.5.1) in D3(R) to
see if we find some (i1, i2, z;,), in which case, it must be that a; = i1, as = i3 and a3 = is.
Thus, the checking cost is at most

C = O(logn). (5.18)
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Edge set Weights Complexity
Ef cVox V' wi =1 TS =0(1)
E;C Vit x W wi =1 T, =0(1)
By CVix Vo | wy=+/n/ma | To=0(/n/my)
E3 C Vy x Vs wg =1 T3 =0(1)

Table 5.2: A summary of the weights and complexities (see Section 5.4.3) of each edge
set.

5.4.2 The star states and their generation

We define a set of alternative neighbourhoods for G (see Definition 4.2.1). For all u €
V(G)\ V", we define W, (u) = {|»%(u))}, which by Table 5.1 is equal to the following:

for u = v} p, € Vo,
W) = > Wi lvk, gy i) (5.19)

i1€A1\R1
for u = vp, p, € Vi(9),
Wiy =~ 3 Velvh g i)+ Y VWl gy de); (5.20)
i1€R1(S): J2€[ma]\ Rz

Biz, (i1,i2,mi, )ED2(R)

for u = 1}12?1,R2 e 1a(9),
W) == > VwWalvR, gy o) + D VWslUR, rys = s); (5.21)
J2€Ra(u(S)) i3€A3

and finally for u = U%LRMB € Vs,

[WE () = —/W3lv}, Ry )- (5.22)

Here we have explicitly included the — and < parts of each element of L™ (u) and L™ (u),
which are normally left implict, in order to stress that the first and second sum are orthog-
onal.

From Table 5.1, as well as the description of w from Lemma 5.4.2, we can see that for
u="1vh; €V’

U () = —y/wil |u, ) + > VWi, Sh).
S1C{1,21\Z(u):S1#0

To generate this state, one would have to compute Z(u) (see (5.12)), which would require
finding any is € Ry such that z;, = x;,, which is too expensive. Hence, we simply add all
three options, for possibilities Z(u) € {0, {1}, {2}} (see also Figure 4.6), to ¥, (u):

W, () 1= e (w)) = o ) + V@, (1) + v, {1,2)) + yiwlu, {2}),
[ () =\ w u, <) + vawilu, {2}), (5.23)
62 () 1= i, ) + VTl (1)} 3 [ (w).
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Note that it is important that each state in Uu€V0+ U, (u) (and therefore each |¢)%(u))) have

at least one outgoing (i.e. forward) edge. Otherwise, it would be impossible to satisfy P2
of Theorem 4.3.1 (or equivalently, Item 2 of Lemma 5.4.12). This is satisfied because Z(u)
is always a proper subset of {1, 2}.

We now describe how to generate the states in (J,cy () Wx(u) in O(1) = polylog(n)
complexity (see Definition 4.2.1). We will make use of the following lemma.

Lemma 5.4.3. Let V' C V(G) \ Vb U Vi be such that there exists some constant c such that
foralluw € V', L(u) C {0,1}. Suppose for all u € V',

U, (u) = {|u)|de) : £ € [d]}

for some constant d’, and states |¢¢) € span{|j) : j € {0,1}¢}. Then for some d < d’, there
are orthonormal bases W (u) = {|1,1), ..., ¢, 4)} for U, (u), for each v € V', and a map U,
that can be implemented in cost O(1) such that for all w € V' and ¢ € [d], U}|u, ) = |4, ().

Proof. First note that by the assumptions we are making, d := dimspan{ ¥, (u)} for all u €
V', and d is a constant. Fix any orthonormal basis {|¢,),...,|d,)} for span{|¢;) : £ € [d']},
which is independent of u. Since the basis lives in a constant-dimensional subspace, the
map: C, : |[{) — |¢,) acts on a constant number of qubits, and so can be implemented in
O(1) elementary gates. We complete the proof by letting U, = I ® C,, and observe that:

Uilu, £) = [u)|gg) = Wuﬁ- u
Lemma 5.4.4. The states V, = {V,(u)},cv () can be generated in O(1) complexity.

Proof. The description of a vertex u € V(G) begins with a label indicating to which of
Vo, V0+, V1, Va, V3 it belongs. Thus, we can define subroutines Uy, Uy ., U1, Ua, Us that gen-
erate the star states in each vertex set respectively, and then U, = Y5_, |0)(¢| ® Uy +
|0, 4+)(0, +| ® Up + will generate the star states in the sense of Definition 4.2.1.

We begin with Up. For v%, € Vp, we have ¥, (v%) = {|:%(v%))}, where [&(v})) is
as in (5.19). Thus, implementing the map Uj : [v%)[0) —ox [€(v%)) is as simple as
generating a uniform superposition over A;, and then using O(log n) rounds of amplitude
amplification to get inverse polynomially close to the uniform superposition over A; \ R;.

For Uy 4, since all v}, € V," have the same star states, modulo v, itself, with
constant-sized label set L = {{1},{2}, {1,2},+«}, we can apply Lemma 5.4.3, to get a
Up, + that costs O(1).

We continue with U;. For vk € Vi, we have U, (vh) = {|v€(vh))}, where [%(vh))
is as in (5.20). Thus, to implement the map U; : |u)|0) —o [¢€(u)), we first compute
(referring to Table 5.2 for the weights):

[, 0) =0 ) (—/Wt] ) + Y| =) 10) = u) (=] ) + (n/m2)"/*] =) ) [0),

which can be implemented by a O(1)-qubit rotation. Then conditioned on <, generate a
uniform superposition over i; € R;, and then use O(logn) rounds of amplitude amplifi-
cation to get inverse polynomially close to a superposition over i; € R; such that there is
no (i1,i2,x;,) € Da(R). We have used the fact that our data structure supports taking a
uniform superposition (see Section 3.5.1). Finally, conditioned on —, generate a uniform
superposition over j € [ma] \ Ra.

The implementation of U is similar, but instead (see (5.21)) we perform a single qubit
rotation to get —,/ws| <—)+,/W3| —) in the last register, and then conditioned on the value
of this register, we either generate a uniform superposition over Rs(u(S)) or As.

Finally, referring to (5.22), we see that the implementation of Us is trivial. We thus
conclude that U, can be implemented in O(1) = polylog(n) complexity. O
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5.4.3 The transition subroutines

In this section we show how to implement the transition map |u, i)~ |v,j) for (u,v) €
E(G) with i = f;1(v) and j = f, (u) (see Definition 3.2.13). We do this by exhibiting
uniform (in the sense of Lemma 3.5.2) subroutines SOJr ,S1, S92, S3 that implement the tran-
sition map for (u,v) in Ej , E1, E», E3 respectively (defined in Section 5.4.1) whose union

makes up E(G). In Corollary 5.4.10, we will combine these to get a quantum subroutine
(Definition 3.5.1) for the full transition map.

Lemma 5.4.5. There is a uniform subroutine Sy such that for all (u,v) € Ef with i =
folw)and j = £, (u), Sg maps |u,i) to |v, j) with error 0 in complexity T,, = T = O(1).

Proof. For (v}, v};) € Ey, Sy should implement the map:

”U%,iﬁ = |U?%,i1?<_>
= [(0,R, D(R)),i1) — |((0,4), R, D(R), i), ).

It is easy to see that this can be done in polylog(n) complexity (and is therefore trivially
uniform): we just need to do some accounting to move i; from the edge label register to
the vertex register, and update the first register |0) — |(0,+)). O

Lemma 5.4.6. There is a uniform subroutine S such that for all (u,v) € Ey withi = f;*(v)

and j = f,; 1 (u), S; maps |u, i) to |v, j) with error 0 in complexity T,, = T1 = O(1).

Proof. For (v%h Rz,h’U}%’l R,) € E1, where v}l;,/1 R, € V1(5), 81 should implement the map:

|,U%1,R2,i175> — |U11%/1,R27Z.1>
= |((0,+), Ry, Ry, D(R1, Ry),i1),S) — |(1, Ry, Ro, D(R}, Ry)), i1).

To implement this transition, we need only insert 4; into R;(S), query i; to obtain z;, and
update the data by inserting (i1, z;,) into the D;(R) part of D(R;, R2) = (D1(R), D2(R))
(see Section 3.5.1). Note that we do not attempt to update the Ds(R) part of the data
by searching Ry for collisions with i;. If there is some s € S and is € Ra(s) such that
i, = i, then by definition of Ey, (v} . ;. U}Q,l r,) & E1. To finish, we uncompute S by
checking which of the three parts of R, has size t; + 1, account for the moving of i; from
the vertex register to the edge label register, and map |(0,+)) to |1) in the first register.
The total cost is polylog(n). O

. . . 1 2
We now move on to Sy, which is somewhat more complicated. For (v, p,,v 1R, ) €

Es, where v}, € V4(S), and Ry (u(S)) = Ra(u(S)) U{j2} for some jo € [mo]\ Rz, Sz should
act as

|U}31,R2’j2> = ‘U?%l,R/Q,j2>

(5.24)
= |(1, R1, Ro, D(R1, R2)), j2) — |(2, R1, Ry, D(R1, RY)), ja).

The complexity of this map, which we will implement with some error, depends on
(R, A;j2))| (see (5.2)), the number of collisions to be found between R; and the block
Agﬁ), which is implicitly being added to Ry by adding j; to Ry. Lemma 5.4.7 below de-
scribes how to implement this transition map as long as there are fewer than cy,.x log n col-

lisions to be found for some constant cy,.x. For the case when (R, Agm))] > Cmax logn,
we will let the algorithm fail (so there is no bound on the error for such transitions). That
is, we let:

E= {(v]l%,v%/) € By ¢ |KK(R1, AU9)| > ¢nax log n, where {ja} = R} \ RQ} . (5.25)
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Lemma 5.4.7. Fix any constant . There is a uniform subroutine Sy that implements the
transition map that maps [u, i) to |v, j) for all (u,v) € Ez \ E, with error O(n™"), in com-
plexity T, = T2 = O(\/n/my).

Proof. To implement the map in (5.24), we need to insert jo into Ro(u(S)) to obtain
%, update Do (R) to reflect this insertion, and increment the first register. All of these
take polylog(n) complexity, except for updating D2(R). To update Dy(R), we need to

search Agz) — the new block we’re adding to Rs — to find anything that collides with R;.
Since the number of such collisions is less than ¢;,.x logn, we can do this using quantum
search, which is uniform, with error O(n™") for any desired constant ~ in complexity

O(y/n/mzlog? n), since |AY?| = /n/my. 0

Lemma 5.4.8. For any constant k, there exists a choice of constant cyax Sufficiently large
such that |E| < n™"|Es|.

Proof. By Lemma 5.2.1 (or as a special case of Lemma 5.5.6), for every ja € [ma], if Ry
is uniformly random from (;?;5), there exists a constant cp,.y such that Pr[|K(Ry, Agp))| >
1

Cmax logn] < n~". It follows that the proportion of edges in F, that are in E is at most
ey 0

Lemma 5.4.9. There is a subroutine Ss such that for all (u,v) € Es with i = f;'(v) and
j = fyt(u), S3 maps |u,i) to |v, j) with error 0 in complexity T, = O(1).

Proof. The proof is identical to that of Lemma 5.4.5. O]

In order to apply Theorem 4.3.1, we need to implement the full transition map as a
quantum subroutine in the sense of Definition 3.5.1.

Corollary 5.4.10. Let s be any constant. There is a quantum subroutine (in the sense
of Definition 3.5.1) that implements the full transition map with errors ¢, < n~"* for all
e e ﬁ(G) \ E, and times T, = O(1) forall e € ﬁ(G) \ Eo, and T, = To = O(y/n/my) for
all e € Fs.

Proof. We combine Lemma 5.4.5, Lemma 5.4.6, Lemma 5.4.7 and Lemma 5.4.9 using
Lemma 3.5.3. O

5.4.4 Initial state and setup cost

The state |0), from which the initial state is constructed, is defined to be the uniform
superposition over Vj:

— 1 ’UO
‘0-> T Z \/W| R17R2>‘

0
le’RQGVo

Lemma 5.4.11. The state |o) can be generated with error n=" for any constant x in com-

plexity
S:5<t1+t2\/m12> .
[mﬂ)

Proof. We start by taking a uniform superposition over all R; € (;?35) and Ry € (t<2)
1 2

stored in data structures as described in Section 3.5.1, and querying everything in R; to
get Dy (R), which costs O(t; + t5). Next for each s € {1, 2}, we search for all elements of
Ry(s) that collide with an element of R;({s}) or R;({1,2}). However, we do not want to
spend too long on this step, so we stop if we find cts collisions, for some constant c. If we
do this before all collisions are found, that part of the state is not correct, but we argue
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that this only impacts a very small part of the state. The cost of this search is (up to log

factors) \/t2| Ra| = ta\/n/ma.

For a uniform R; and fixed Ry, the expected value of Z = |[K(Ry, Ry)|, the number of

collisions, is
R to-t
=0 (’R2|tl> -0 (27”21) = O(ty),
n n

since mgo = ©(t1). Let ¢ be a constant such that p < ¢/t5, and choose ¢ = 7¢/. Since Z is a
hypergeometric random variable, we have, by Lemma 5.2.1, Pr[Z > cto] < e™2 = o(n™")
for any &, since t; is polynomial in n. Thus, the state we generate is n~"-close to o). [

5.4.5 Positive analysis

For the positive analysis, we must exhibit a flow (see Definition 3.2.3) from Vj to M
whenever M # ().

Lemma 5.4.12. There exists some RT = O(|Vp| 1) such that the following holds. Whenever
there is a unique 3-collision (ai,a2,a3) € Ay x Ay x As, there exists a flow 6 on G that
satisfies conditions P1-P5 of Theorem 4.3.1. Specifically:

1. Foralle € E, 6. = 0.

N

. Forallu e V(G)\ (Vo U M) and |,) € Wy(u), (x|0) = 0.
ZUEVO eu — 1.

|6w—o(u)|?
ZuEVo o(u) =1L

5 &T(0) <R

w

R

Proof. Recall that M is the set of vf’%’is € V3 such that for some S C {1,2}, a1 € Ri(5),

as € Ro(u(S)) and ag = i3. Let j* € [ms] be the unique block label such that ay € Agj*).
Then ay € Ro(u(S)) if and only if j* € Ry(u(S)). Assuming M # (), we define a flow 6
on G with all its sinks in M. It will have sources in both V; and M, but all other vertices
will conserve flow. This will imply Item 2 for all correct star states of G, [¢&(u)), but we
will have to take extra care to ensure that Item 2 is satisfied for the additional states in
U(u):ue V.

To satisfy condition P5 of Theorem 4.3.1, we must upper bound £7(0) = £(A7) (see
Definition 3.2.7), which is the energy of the flow # extended to a graph G, in which each
edge of G in E, has been replaced by a path of length T, = O(y/n/m3), and all other
edges have been replaced by paths of length 6(1) (see Corollary 5.4.10). We define 6 on
Ear , E1, F» and E3 stage by stage, and upper bound the contribution to £7(6) for each
stage.

R¢, Item 3, and Item 4: Let M, be the set of U%LRZ € Vp such that a; € Ry, j* € Rs, and

for cpax as in Lemma 5.4.8, |KC(Ry, Agj *))| < Cmax logn (see (5.2)). This latter condition is
because we will later send flow down edges that add j* to R», and we don’t want to have

flow on edges in E. For all v% € My, let 00 01, = |Mo| ™. For all other edges in E,
’ ,aq

let . = 0. Note that we can already see that 6, = ]M0|_1 for all u € My, so we satisfy
Item 3. By Lemma 5.4.8, we know that the proportion of R; that are excluded because

IK(R1, Agj*))\ > Cmax logn is o(1), so we can conclude:

"]\‘2‘2"_(1+o(1)) <1+O<2)> <1+O<;22>> =1+o0(1). (5.26)
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Since o(u) = W we can conclude with Item 4 of the lemma statement:
[bu—o@)? _ oo L LN (Y
— V| ~1) =o(1).
25 pal ~ wl) ~

Usingwy = 1and T, = O(1) for all e € Ej (see Table 5.2), the contribution of the edges
in EJ to the energy of the flow can be computed as

1
Tt =0 —0(—), (5.27)
> (ueMa Mo?) (!Mo\>

ecEf

since each vertex in M, has a unique outgoing edge with flow, and the flow is uniformly
distributed.

Ri and Item 2: Let My be the set of v}, € Vi such that v}, € My and i; = a1, so
|M"| = |Mp|. These are the only vertices in V" that have flow coming in from V;, and

specifically, the incoming flow from Vj to a vertex in M is | ]\}[ g

The only way there could be a fault adding a; to R; would be if as € R», but we have
ensured that that is not the case. Thus, for each u € M, Z(u) = 0, so there are three
edges going into V; (labelled by {1}, {2}, and {1, 2}, all disjoint from Z(u)) to which we
can assign flow.

Item 2 is satisfied for all [¢)% (u)) : u € V(G) \ (Vo U V3) by virtue of @ conserving flow
at all vertices in V(G) \ (Vo U V3) (we have not finished defining 6, but it will be defined
so that this holds). However, for u € Vi", W, (u) = {|¢f(u))}zcq1,2) (see (5.23)) contains
more than just [¢%(u)). When u € Vi \ M, there is no flow through u, so Item 2 is
easily seen to be satisfied for all states in W, (u). For u € M, [%(u)) = [¢?(u)), so the
additional constraints we need to take additional care to satisfy are those for \w{s} (u))
with s € {1,2}:

(1} {S} Z ufu {S}(u)‘u,i> Z 7fu(.7 w*s} ), d) see (4.12)

zeL+(u JEL=(u) /Wy

0., s O s
_ Z M< { }(u)]u, S) /Wy — L“_N { }(u)\u,%> see Table 5.1

Se2ft2n{py Y i Y WBL
Ou,fu(13-5)) Ou,fu() ( +>
— Zwhul37s)) g TwlulO) (L see (5.23
VWi ! + 0 623

Wo
— 9’”‘1’”{3—3} + eu’v(),

where 0% = f,(+) is the neighbour of u in Vo, and v3_s) = fu({3 — s}) is the neighbour
of u in V; with edge labelled by {3 — s} (see Figure 5.2). So for s’ € {1, 2}, we must have

1

0= Guﬂ){s,} + gu,vo = Gum{s,} - M,

since 6, .0 = =00, = —%. To satisfy this, we set:

1

0 U2y = m7

=0

u,”U{l}

meaning that all the flow that comes into u along edge (v°,u) must leave u along edge
(u,vg1y), but it must also all leave along edge (u,vyy). However, we have now assigned



5.4. Warm-up: 3-distinctness algorithm 97

U{1} {1}
0 u{l} 0 u{l} 0 U
{27} {2}
U{2} b{2}
0 () = |90 (u)) 8% (u)) et (w))

Figure 5.2: The three star states in W, (u), for u € V;'. The edge labels from L(u) are
coloured. Arrows in edges indicate the direction of flow. We have chosen the flow so
that flow is conserved at v in G, which can be seen by the fact that flow comes in on two
edges, and leaves by two edges in the figure for [¢)%(u)); but flow is still conserved if we
restrict to either of the other two neighbourhoods, which is necessary to satisfy Item 2 of
Lemma 5.4.12.

twice as much outgoing flow as incoming flow, so the only way for flow to be conserved

at u is to also have ‘M | flow coming into u along edge (vy; 2}, u), SO we set:

1

Ougy 2y = Ak

This is shown visually in Figure 5.2. Usingw; = 1 and T; = 6(1), we can compute the
contribution of edges in F; to the energy of the flow as

oy 1/!Mo|) O(L\J\ﬁl) _5<‘\]\J‘Z)0|L> _5<‘M10’>, (5.28)

ueM

R, and Item 1: Let M;(S) be the set of v}, € V;(S) such that a; € R;(S) and j* € Ry, and
let My = My({1}) UM ({2}) UM, ({1,2}), so | M| = 3|My|. These are exactly the vertices
of V4 that have non-zero flow coming in from Vo , and in particular, for vy € M;(S),
the amount of flow coming in from V" is (—1)!"! | ]\3 E and we will send it along the edge
(v, v%,) € E, that adds j* to the set Ry(u(S)) to obtain R':

3 1
0 — (_)SH1_2 IS+t ‘

All other edges of F; will have 6. = 0. Using wy = y/n/mgy and Ty = 5(\/n/m2), we can
compute the contribution of edges in F to the energy £" of the flow:

Ty 9 ~ 1
Ro = —=|M|—— =0 — . (5.29)
2= 3, Ml <|Mo|>

We also note that by ensuring that there is only flow on}J]{2 € V1 when K(Ry, Agj *)) is
not too big, we have ensured that the flow on the edges in F is 0, satisfying Item 1.

Rs: Finally, let M>(S) be the set of v% € V»(S) such that a; € R1(S) and j* € Ra(u(9)),
and let My = My({1}) U Ma({2}) U M2({1,2}). These are exactly the vertices of V5 that
have non-zero flow coming in from V4, in the amount of (—1)!5*1|Af,(S)| ™. We send this
flow along the unique edge from v% into Vj that adds i3 = as:

1 1
0 — (-1 S+ - — (-1 |S|+10 I
v, = (71 AG] (-1) |
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Using ws = 1 and T3 = O(1), the total contribution of edges in Es to the energy of the
flow is:

1 ~ 1
° | M. = — . 5.30
R ‘2'0<\M|2> O<|Mor> (530

Item 5: It remains only to upper bound the energy of the flow by adding up the 4 contri-
butions in (5.27) to (5.30), and applying |Vo| = (1 + o(1))| Mp| from (5.26):

~ 1 ~ 1
5T9<R++R+R+R:O<>:O<>. Il
O)<Rg + Rt Rat Ra =0 i

5.4.6 Negative analysis

For the negative analysis, we need to upper bound the total weight of the graph, taking
into account the subroutine complexities, WT(G) (see Definition 3.2.7).

Lemma 5.4.13. There exists W' such that:
B n2  n2
WT(G)§WT§O<( +—+ )|V1|>

Proof. Recall that WT(G) = W(GT) is the total weight of the graph G'T, where we replace
each edge e of GG, with weight w,., by a path of T, edges of weight w., where T, is the
complexity of the edge transition e. Thus, WT(G) = 3" . B(G) TeWe. By Corollary 5.4.10,

forall e € E(G) \ B, Te = 5(1), and w., = 1 (see Table 5.2). Thus, using (5.8), the total
contribution to the weight from the edges in Ej is:

Wi = wi|Ef TS = 0 (n|Val). (5.31)
Using (5.13), the total contribution from the edges in Fj is:
Wi = wi|E1|T1 = O (n|Vp]). (5.32)

The edgese € E; have T, = Ty = fOV(«/n/mg), by Corollary 5.4.10, so using wa = \/n/ms
and (5.15), the total contribution from the edges in F is:

~ n 2(mg — —9t1) [n n?
= EolTo = — — . 5.33
Wy = wa|E3|To O( - t1+1 Vol ) (tl |V0’> ( )

Finally, using (5.16) and the fact that ms = ©(t;), the total contribution from the
edges in Fj is:

Wy = w3 |E3|T3 = <W0|) (5.34)

Combining (5.31) to (5.34), we get total weight:
~ ?’L2 TL2
WT(G):WSF+W1+W2+W3:O<<n+t+t>|VO|>. O
1 2

5.4.7 Conclusion of proof of Theorem 5.4.1

We can now conclude with the proof of Theorem 5.4.1, showing an upper bound of
O(n®/7) on the bounded error quantum time complexity of 3-distinctness.
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Proof of Theorem 5.4.1. We apply Theorem 4.3.1 to G (Section 5.4.1), M ((5.17)), o the
uniform distribution on V; ((5.6)), and ¥, (Section 5.4.2), with

W =0 (o e ) ) naRT=0 (7).
1 2

Then we have
ToT _ A n® n’ 2
W'R :O<n—|—+ >:0(n).
t to
We have shown the following:

Setup Subroutine: By Lemma 5.4.11, the state |o) can be generated in cost

S=0 <t1 +t2,/”> -
m2
Star State Generation Subroutine: By Lemma 5.4.4, the star states W, can be generated

in O(1) complexity.

Transition Subroutine: By Corollary 5.4.10, there is a quantum subroutine that imple-
ments the transition map with errors ¢, ,, and costs T, , such that

TS1 For all (u,v) € E(G) \ B2, €4y = 0. For all (u,v) € Ey \ E (see (5.25)), taking
k> 2in Lemma 5.4.7, we have ¢,, = O(n™") = o(1/(RTWT)).

TS2 By Lemma 5.4.8, using wo = /n/mg and k > 2:

ot
S we = wolBl < \[ |y = [ 22O I by 505

- _0 <\/ﬁn_“n7zl.r> — o(1/RT).

since mg = O(t1).

Checking Subroutine: By (5.18), for any u € V\ = V3, we can check if u € M in cost
O(1).

Positive Condition: By Lemma 5.4.12, there exists a flow ¢ satisfying conditions P1-P5
of Theorem 4.3.1, with £7(0) < RT = O (|Vo| ).
Negative Condition: By Lemma 5.4.13, WT(G) < WT = O ((n S G ) Vo ])

Thus, by Theorem 4.3.1, there is a quantum algorithm that decides if M = () in bounded
error in complexity:

~ ~ 2
0 (s+VRTWT) =0 t1+t2‘/ +7+ZL
2

)

Choosing the optimal values of t; = n/7 and t, = n*/7, we get an upper bound of O (n*/7).

Since M # () if 2 has a unique 3-collision, and M = () if 2 has no 3-collision, the algorithm
distinguishes these two cases. By Lemma 5.3.1, this is enough to solve 3-distinctness in
general. O
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5.5 k-Distinctness algorithm

In this section, we generalise the 3-distinctness algorithm from Section 5.4 to prove the
following.

Theorem 5.5.1. Let k be any constant. There is a quantum algorithm that decides k-
3 1

~ 3.1
distinctness with bounded error in O <n4 4 2k—l> complexity.

We use the assumptions on the input defined in Section 5.3, including partitioning [n]
into A; U---U Ay, and each Ay, for ¢ € {2,...,k — 1} into blocks Ay) U---u AEW) of size
kng' A summary of the parameters of the algorithm appears in Table 5.3.

Tuples of sets: Fix constants c¢,...,c;_1 and parameters t1,...,t;_1 as in Table 5.3.
The vertices of our graph are labelled by sets R = (R, ..., Rx_1), where (see (5.4))

Ay
Rl = (Rl(sl))51€2[c1]\{®} S <t(2c1_1)>
1

is a tuple of 2¢* — 1 disjoint subsets of A;, each of size ¢;, and for ¢ € {2,...,k — 1}, Ry is
a tuple of ¢; ... cp—1(2% — 1) disjoint subsets of [my] of size ,:

Ry = (Re(81, -5 80-1,50)) g efer],..usp 1 €lee1]Sec2led\ {0}
We define:
Ry(s1,--.,80-1,50) = { R1(S1) » %fﬁ =1
UjZERZ(SL-..,Sg_l,S[) A ifee{2,....k—1},
and
Ry = { it %fé =1
(Be(515--+550-1,50)) 5 efen],so_1€fce_a],Soc2led oy € E {2,k — 1}

If we let 1y = [Ry| = t1, and for £ € {2,...,k — 1}, 7o = [Ry| = t,;-, we get the set
sizes r, from [Bell2a]. We will not use these variables, but we note that the values we
get for {m}lgz_ll (from the values of {tg}’gz_ll) are the same as those obtained in [Bell2a],
as our algorithm can be seen as an algorithmic version of the combinatorial construction
used in [Bell2a].

Finally, we choose the number of blocks in each A,, my, so that my = ©(¢,_1) for each
¢ €{2,...,k—1}. This ensures that the expected size of K(Ry, ..., Ry_1, AE“)) is constant.

These values are summarised in Table 5.3.

Data: With any R defined as above, we keep track of some input-dependent data as
follows. First, we query everything in R;, so we define:

VS, € 219\ {0}, D1(R1(S1)) := {(i1, x5,) : i1 € R1(S1)}
Dy (R) = (Dl(Rl(Sl)))sleg[cﬂ\{@}-
Next, for £ € {2,...,k—1},and (s1,...,50_1,5¢) € [c1] X -+ x [eo_1] x 2l¢d\ {0}, we only

query some of the indices in R,, and which ones we query depends on R, specifically on
Rl, N ,Rg,12

(5.35)

Dg(Rg(Sh...,Sg_l,Sg”R) = U {(il,...,ig,xil) cLiy = Ty,
Se—1C[ce—1]:
S0-1€Se—1
i@ S E@(Sl, ceey Se—1, Sf)? (ib cee 7i€—17xi1) S Dﬁ—l(Ré—l(Sh ceey Sp—2, SK—1)|R)}
(5.36)
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le [k‘—l],tg :n%_%rlfl_zz’:2 ok 1

EE{Q,...,k—l}mg :@(tgfl)

(&) =k—-1

te{2,...,k—2}, ¢ | =0O(1) large enough for Corollary 5.5.12

-1 | =1

te{2,...,k—1}, po | = polylog(n) large enough for Corollary 5.5.12.

Table 5.3: A summary of the (asymptotic) values of variables used in this section.

We will sometimes omit “|R” when the context is clear. We can group these together to
get

De(R) := (De(Re(s1,- -3 80-1,50)) (5151 S0)eler] x..fer—1] %210\ [0} - (5.37)

In addition to this data, we want to keep track of a number for each j, € R, that we call
the forward collision degree. Loosely speaking, for some i, € Ry, a forward collision is an el-
ement (i1,...,%p,... 00,25 ) € Dp(R), for some ¢/ > ¢, and some 41, ... 51,5041, ,0p-
"l:his can only exist 1f (i1, .y 0py 0041, %4,) € Dyr1(R), so the forward colllswn degree of iy,
d,” (i¢), counts these:

JE(ZZ) = H(ih . ,ig_l,’ig+1) S El X X Eg_l X EZ-{-I : (5 38)
(il,...,ig,ig+1,$i1)ED@.H(R)}‘. ’

Then for ¢ € {2, ...,k — 2}, we can define the forward collision degree of j, € R, as

dg (Go) = Y dy’(ig), (5.39)
7 EA((Z“)
For consistency, we also define dj (i1) := Jg(il) for iy € Ry, and d (jy—1) = 0 for

jk—1 € Rp_1. When our quantum walk removes some j, from R,, we will want to make
sure that d7 (j¢) = 0, because otherwise we will have to uncompute all forward collisions
from the data, which could be expensive. Thus, we also keep a database of forward
collision degrees:

Ve [k =2, O (R) == {(je, R (o)) : ji € Resdg (Go) > 0} (5.40)
To summarise, the data we keep track of at a vertex vy includes:

D(R) := (Dy(R),...,Dy_1(R),C{*(R),...,Cioo(R)). (5.41)

5.5.1 The graph: vertex sets

To define G, we begin by defining disjoint vertex sets Vo, V,", (Vo)5=!, (V,)5=2, and V4,
whose union makes up V(G). We will use the notation in (5.4) and (5.5) for tuples of
disjoint sets throughout this section. Figure 5.3 summarises G.




102 Chapter 5. Application: k-distinctness

Vo: We define
Vb = {U%L---,Rk—l = (0, Rl, ce 7Rl<:—17 D(Rl, ce ,Rk_l)) :

A [
R € t(2c1_1) and V/ € {2, k= 1}, Ry € t(Cl'“Ce—l(ch—l)) . (5.42)
! i

Our initial distribution is uniform on Vj: o(u) = ﬁ for all u € Vj. We implicitly store all

sets including those making up R, ..., Rx_1 and D(Ry, ..., R;_1) in a data structure with
the properties described in Section 3.5.1. This will only be important when we analyze
the time complexity of the setup and transition subroutines.

Voh: Atavertex in V", we suppose we have chosen a new element i; to add to Ry, but
not yet added it. Thus, we label such a vertex by a tuple of sets R, and an index i; & Ri:

Vg = {U%h...,kal,z‘l = ((0,4), Ry, ..., Re_1, D(Ry, ..., Rp_1),i1) :

U%l,...,Rk_l € Vo,i1 € Ar )\ R1},
so |Vo©| = Vol |41 \ Ri| = O (n|Vh)) - (5.43)

Vi for ¢ € [k — 1]: At a vertex in V}, we suppose we have added a new element to
each of Ry,..., Ry, meaning that for each ¢/ € [/], there is some (s1,...,s0_1,5¢) €
[e1] X -+ X [ep—q] x (2lee)\ {@}) such that |Ry(s1,...,s¢_1,S¢)| = te + 1. However, we
will not let the choices of s, ..., sy for different ¢ be arbitrary. Instead, we define the
following sets of vertices, for (Si,...,S;) € (2@ \ {0}) x --- x (2l \ {0}), where u(S)
denotes the minimum element of a set S:

’ Ay -
Ve(Sh, ..., Sp) == {vR = (L.R.D(R): Ry € (u'y))
1

Ve e {2, 0} R [me] |
€ { R }’ v € t(Clu-Céfl(QCZ_l)) !
l

VO e{l+1,... k—1LR ] :
S { PRI }7 S t§61~-6z71(2%*1)) )
Ve € [0, [Ro(u(Sh), ..., 1(Se—1),Se)| = to + 1}- (5.44)

This is the set of vertices labelled by sets R where we have added elements to each of
Ry,..., Ry, not yet added elements to Ry, 1,..., Ri_1, and for ¢’ € [¢], the choice of where
the new element was added to Ry is determined by Sy, ..., .S,. Then we can define:

V= U Vi(S1,...,S0). (5.45)
(S1,--,80)€LVN{B}) x - x (2°€)\{0})

Using the fact that for all ¢/ € {2,...,k — 2}, my = O(ty_1), we have

0 4
n My n ty_1 n
— P _— _= - . 5- 6
Vi O<|Vot1 [] t@,) O<|Vo|t1 [1- ) O(t@ w) (5.46)

=2 =2
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k—1

0 0 1 k
Vp . Vg . Upr . (I . Upn . Vp 4
R i e R 123, Jr_1B" i "k

. 1 g2 e : o
Voo Ey Vi B Vi Ef V' B Erv Vier Ep Vi

Figure 5.3: A path from V}, to V}, with edge labels shown in coloured. R’ is obtained from
R by inserting 7; into R;(S1). R” is obtained from R’ by inserting j, into Ra(u(S1),S2),
and for some choice of Ss,...,Sx_1, inserting, for each ¢ € {3,...,k — 1}, some j, into
RZ(/U’(Sl)a st 7M(S€fl)a S@)

V,b i for ¢ € [k —2]: At a vertex in V,", we suppose, as in V;, that we have already
added an element to each of the sets Rq,..., Ry, but now have also selected an element
Jet+1 € [mg_H] to add to Ryiq:

VI (Sh,. .. S = {Ugml = ((£,+), R, D(R), jos1) :
v € Vi(S1, ..., Se)s jes1 € [mesa] \ RZ—H}

Vb= U V" (S1,...,S0),
(S10,S0) €211\ {0}) x - x (21e]\ {0})

so together with (5.46) and m; = ©(ty), this implies

V5| = Vel [[mesa] \ Tega| = O (n Vo)) . (5.47)

The final stage, V).: At a vertex in Vj, we have added a new element to each of the
sets Ry,...,R,_1, as in V;_1, and also selected some i;, € A;, which we can view as a
candidate for completing one of the (k — 1)-collisions in Dj_;(R) to a k-collision:

Vi = {vh,;, == (k,R,D(R),iy) : v}y ' € Vi1, iy € Ap.},

n2 (5.48)
s0 Vil = [Via 140 = 0 (2= 1]}

5.5.2 The graph: edge sets

We now define the sets of edges that make up E(G), as well as the edge label sets L(u)
(see Definition 3.2.13) for each v € V(G). These are also summarised in Table 5.4.

Ef C Vo x V57: There is an edge between v% € V; and Vi, € Vot forany iy € Ay \ Ry,
and for any v}, € Voh, v is its unique in-neighbour (in Vp), so we define

L+(v%) :=A; \ Ry and Lf(v%,il) = {«},

and let fy (i1) = v}, , and fg, ()= v%. We let E; be the set of all such edges
Ef = {(U%,U%il) v € Vo, i1 € A1\ R}

and set w, = war =1foralle e Ear . This together with (5.43) implies that

|Eq | = [V [ =0 (Vo). (5.49)
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u | jerw | ) | et | f) |
v} € Vo 0 i1 € A1\ Ry VRiy
VR €Vo' « VR 51 € 21\ {0} Vpsy iy
¢ Je € Re(fi(S)) - -1 : ¢
vg € Vi(S5) dz (je) = 0 YR\{je}oje Je+1 € [muga] \ Resa VR jorr
7 7 7
URJ,FJ‘le € VZJ—FH = UR+1 Sea1 € 2101\ {0} Uﬁgﬂﬂeﬂ
Vi € Viea(S) | ko1 € Ri-a((S)) Uﬁ(?jk_l},jk_l i € A vk,
”%,ik eV — vf{l 0

Table 5.4: The sets labelling incoming (L~) and outgoing (L™) edges of each vertex
u € V(G), and the neighbouring vertices at the end of every such edge. ¢ € [k — 2],
S = (S1,...,50), and for brevity we use i(S) := (u(S1),...,u(Se-1),S¢), where u is
the minimum. R < is obtained from R by inserting i; into R;(S;), and for ”ﬁ, e €
V41 (S), RSe+1+Jes1 is obtained from R by inserting joi; into Ry (/i(S)). To ensure that
L~ (u) and L*(u) are always disjoint, we implicitly append a < label to all of L~ (u) and
a — label to all of L™ (u).

Ef CVyx V! for f € [k—2]: There is an edge between v}, € V; and v, ;, € V," for
any jei+1 € [mey1] \ Ret1, so we define

L*(vg) := [mera] \ Reprand L™ (vg 5, ) = {},

and let f,¢ (jer1) = Uk j,,, and fvfmﬂ (+-) = v. We let E; be the set of all such edges

Bf = {(vh vhoy,) t vk € Visdess € [mesa] \ Bega )
and set w, = w, = 1 for all e € E;. This together with (5.47) implies that

Ef| =V, =0(n|V). (5.50)

Faults: Fix ¢ € [k —1]. As in the case of 3-distinctness, if we add a new element j, to cer-
tain parts of Ry, to get R, such that d;} (j,) > 0, this introduces a fault in the data, which
our quantum walk will want to avoid. The case for k£ > 3 is slightly more complicated, so
we examine exactly when a fault is introduced before describing the remaining edge sets.

Suppose we are at the vertex vf{l € Vi1(5T,...,5;_,) (see (5.44)) and we want to
add to the set Ry(u(S7),...,1(S; 1), Se), for some S; C [¢], an index i, (by adding j,
such that iy € Aéﬂ) to Re(u(SYy), ..., pu(S;_1),Se)). For £ € {2,...,k — 2}, this introduces a
fault if the following conditions are satisfied, where we use [£] to denote the logical value
of an event &:

CF(ig,R, Sg) = [H(il, .. .,ig_l) € Ry x Rg X oo+ X Rg_l S.t.
(7:17 s ’iﬁ—laiﬁaxil) € DZ(RK(M(ST)? . 'a/‘L(SZ—l)v‘S’Z))]

Cﬁ(ig, R, Sg) = |dsp € Sy s.t.
H'L'E—i—l € U E€+1(M(Sik)a s M(SZ—l), S, SZ+1) s.t. Ligpg = Tig |-

S e2le+1h\ {0}
(5.51)
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In words, C* is the condition that i, forms a collision (i1, ..., iz, z;,) ihat would be stored
in Dy(R), and C~ is the condition that i, collides with something in Ry, such that if C™
holds, (i1, ...,%¢+1,%;,) would be stored in Dy, (R). For £ =1, C™ is also defined, and ;

introduces a fault whenever C~ is true. For £ = k — 1, C can never be true, so there is
never a fault. We set ¢;,_; = 1 (see Table 5.3).

Then for any ¢ € [k — 2], vf{_l € Vi1 (ST, .-, 871), e € Ag \ Ry, and S, € oleel \ {0},
condition C7 is false if and only if S, is disjoint from the following set:

(vt i) o= {se € [ed] :

(5.52)
Jigq € U Rop1(u(Sy)s - 1u(S71)s 6. Seq1) st @iy, = xié}.
Sepre2eerh\ (g}

For ¢ = k — 1, we define I(vf{% ix—1) := 0. When ¢ = 1 we can define, for ”9%,2‘1 € VOJ“:
I(vg,) = (v, in).

As long as we choose some S; that avoids this set, we will not introduce a fault. For
¢ > 1, examining condition C* above, although it appears to depend on Sy, it does not.
Referring to (5.36), we can rewrite C* as

C(ig, R, Sy) & C (iy, R) := |:E|Sg_1 C [er—1] s.to u(S;_y) € Se—1,
H(il, ey, a:il) S Defl(Rgfl(/J(Sf), e /L(S;_Q), Sg,1>) S.t. X, = Xy |-

Thus, for ¢ € {2,...,k — 2}, for any vf{é € ngl, we can define:

T(vpy) = U Zili). (5.53)
igGAéjZ):CF(iZ,R)

Lemma 5.5.2. Fix any v%il € V;" and non-empty Sy C [c1]. Insert iy into R1(S1) to obtain
R = (R} Ry,...,Ry_1). Then d7(i1) = 0 if and only if S; NZ(v},,) =0

Similarly, for any ¢ € {2,...,k — 1}, fix vf{jl[ € V,m(Sf.....S; ), and non-empty
Se C [c], and let R’ be obtained from R by inserting jy into Ry(u(ST), ..., n(S;_1), Se)-
Then d(je) = 0 if and only if S, ﬂI(vf{jz) = .

Proof. For ¢ =k — 1, d(jr—1) = 0 and I(”fz,_ji,ﬂ = () always hold, by definition. By the
definition of dF;, (i¢) from (5.38) we have for ¢ € [k — 2],

dri(ie) = |{(i1, ... ie i1, 2i,) € Dey1 (R}

= > (i1, .- s i1, wiy) € Dega(R(s1, -, 80, Sev1)) }
(81,..4,84,524_1)6
[ex]x -+ x[eg] x (21¢+1\ {0})

== Z Z ‘{(il,...,ig+1,xi1) :ig+1 €§g+1(81,...,85,S[+1),
(817"'7'5[’5[4»1)6 Slg[CZ]Z . .
[CﬂX"'X[cﬂX(Q[c['""l]\{@}) g@ES@ xig+1 = xiw(lh"'aszh) S D@(RZ(Sla“'78f71752))}|7

where we have used (5.37) and (5.36). If ¢ = 1, let 7y be the 7; from the lemma statement.
Otherwise, suppose iy € Ay‘). In either case, we have i; € Ry(u(S5), ..., u(S;_1),Se), so
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by (5.36), ¢-collisions of the form (i1, ..., 4y, x;,) can only occur in the data
Do(Re(p(S7), - -, 1u(S;_1),Se)), so we continue:
g (ie) = > {1, siern, @) s deyr € Repa(u(SY), -5 i(Si21)s 50, Seyn),
SpESy,

S£+1€2[Cl+1]\{@} Lipyw = Liys (ilv v 71.57 xil) € DZ(RZ(/’L(ST)7 RN M(qu)? SZ))H:
and thus, dz, (i¢) > 0 if and only if:

dsp € Sy, Sg+1 € 2[0”1] \ {@} S.t. gy € R@+1(,U(Si‘), e 7”(‘9;—1)7 Sy, S”l) S.L. X, = T4,
(5.54)

and H(il, ey lp_1, 1y, :Eil) € Dg(RZ(,u(Sik), ceey /L(S;_l), Sg))
(5.55)

The first condition is exactly C~(iy, R, Sy) (see (5.51)), which is satisfied if and only if
Sy N I(v%,il) = () (see (5.52)). In the case ¢ = 1, the second condition is just (iy,z;,) €
D1 (R} (S1)), which is true by (5.35), since we just added i; to R;(S7) to get R'(S7). This
completes the £ = 1 case, since dy, (i1) = dp, (i1), and Z(v; ) = Z(v,i1).

Continuing with the case / € {2,...,k — 2}, suppose dy;(j¢) > 0. By (5.39), this
happens if and only if there exists iy € Ag“) such that d (i) > 0, which holds if and only
if (5.54) and (5. 55) are true. We know (5.54) if and only if C (is, R, S¢) holds, if and
only if Sy ﬁI(vR ,zz) # (). By (5.36), using the fact that R, ; = R,_;, we have (5.55) if
and only if C* (iy, R). Thus, we have

A7 (je) > 0] < Jig € AV 5.t HSE NZ i) # 0| ACH (i, R)} .

—:C
If C holds, then then by (5.53), I(vR Liy) (vR] ), and so, also by C, Sy ﬂI(’URM) # 0.

For the other direction, if S, N I(’UR] ) # 0, then by (5.53), Jiy € A(”) satisfying both
conditions of C. O

C
0,

FEi C Vo x Vi: Recall that V0 is the set of vertices ”(1)%1 in which we have chosen an
index i; to add to Rj, but not yet decided to which part of R; it should be added. A
transition in E; represents selecting some S; € 21\ {(} and then adding i, to R(S}), so
we have
L*(v;,) = 21\ {0},

and fv% . (S1) = v}%/, where R’ is obtained from R by inserting i; into R;(S7). As in the
case of é—distinctness, not all of these labels represent edges with non-zero weight. To go
from a vertex v}%, € Vi(S7), we choose some i; to remove from R/ (S7), the part of R; that
has had an index added, to get some R such that v% € V. However, we make sure to
choose an i; with no forward collisions —i.e. dj; (i1) = 0 — so we let

L™ (vpy) = {i1 € R (S}) : dg(in) = 0},
and then set f1 (i;) = v%. where R = R\ 4, is obtained from R’ by removing i.
Vi R,i1

Importantly, given vk, we can take a superposition over this set, because we store the set
C77(R) defined in (5.40) (this is necessary in Section 5.5.3).

As in the case of 3-distinctness, it is not yet clear how to define E7, the set of (non-zero
weight) edges between V" and V3, because |V;"| - [LT(v?; )| > |Vi| - L™ (v},)|. We define
it as follows.

E, = {(fvll:y('l‘l),’l)}z/) = (v%,\{il}yil,v}%) VR € V1,01 € L*(v}%,)}

and give weight w; = 1 to all edges in F;. Then we have the following.

T‘ll
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Lemma 5.5.3. Let R be obtained from R by inserting iy into Ry(S;). Then
_ 0 1 [e1\Z( UR i
By = { (Wi vsicn) o, € Voh 1 € 2900k (o} .

wi =1 ifSiNZ(vy,;)="0

So for all vy ; € Vi, and S1 € L* (v, ), woo 5, = { 0 else

YR ,i17?

Proof. Let E) be the right-hand side of the identity in the theorem statement, so we want
to show F; = Ej. Fix any v, € V,t and non-empty S; C [e1] \ Z(vgry, ), and let R =
RS1<4_ Then since S NZ(vg;,) = Q) by Lemma 5.5.2, dy,(i1) = 0. This implies F| C E}.

For the other direction, fix any vk, € V4(S7) and i1 € L™ (v},). Since iy € R1(S}), we
have UR/\ (i} S VO (that is, we have removed an index from the set that had size ¢; + 1)

and (R'\ {i1})%1<% = R'. Since d, (i1) = 0, by Lemma 5.5.2, Sj ﬁI(v?%,\{il},il) = (). This
implies £y C Ej. O

We remark that for any i; € Ay, dj (41) is always at most k — 2. Otherwise, there are at
least k — 1 elements i, € Ry C Aj such that x;;, = z;,, and together with i, these form a k-
collision, which contradicts our assumption that the unique k-collision is in Ay x - - - X Ay.
Thus, if we set ¢; = k — 1, we have for any v%h S VA I(”%,il) C [e1], which will be
important in Section 5.5.3.

Finally, it follows from (5.43), that

|En| < [LF (k)] [V | = O (n Vo)) (5.56)

Eg C Ve | x Vefor ¢ € {2,...,k —1}: Similar to the definition £, we define, for any
vR]‘Z €V,h,,and v, € Vg(Sl,...,S;):

LF (v ) =20\ {0} and L™ (viy) := {je € Re(u(SY), .., u(S_1), Se) = dE (je) = O}

We set f,e 1 (S¢) = vjy where if v € Vii(Sf,...,S7_,), R’ is obtained from R by
e

inserting j, into Ry(p(S7), ..., u(S;_1), Se). We set fvé/ (Jeo) = vf;\l{je}’je. Similar to E, we
define:

E; = {(fvf%, (jf)ﬂ’f%’) = ( ﬁz/\l{ﬂ} g’ e/) UR/ €EVije€ L™ (UR’)}’ (5.57)

and give weight wy := \/n/my_; to all edges in F,. Then we have the following.

Lemma 5.5.4. For any (Sy,...,Se_1) € (2l\ {0}) x --- x (2l {0}), define:

Eg(Sl,...,Sg_l) = { (U%i,@%x) UR][ € VZ 1(51,...,54_1),

39, € 2[04]\1(112_,]‘1@) \ {@}7 R = R(/,L(Sl),..,,u(Sg1),5[)(—]'@}.

Here the expression R(S1):-1(Se-1),50)4Je is obtained from R by inserting the index j, into
Rg(,LL(Sl), ce ,M(Sg_l), Sg) Then

E, = U Ey(S1,...,801).
(S1,,80—1) €2l {0} x-x (2°-11\ {0})
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Proof. Fix St,...,Sy_1 and suppose (vf2 ]14 vR,) € Ey(S1,...,S0—1). Then by Lemma 5.5.2,
since Sg is chosen so that S, N I(URN) = 0, d7(je) = 0, and thus j, € L™ (v%), so

For the other direction, suppose ( f%,\ AR ,) € Ey, and let ST, ..., S; be such that

vh, € Vi(St,...,S;). Then R’ is obtained from R’ \ {j¢} by adding j, to the component
Ry(u(Sy ),...,M(S 1):S7). Then since j, € L™ (v%,), dg (j) = 0, so by Lemma 5.5.2,

Sz € 2R\ (9}, and so (UR,\{M} By ) € Ey(St,..., S5 ). O

While E, represents all edges between V," | and V;, we now define two sets of edges
E, C Ey, and EZ disjoint from V;jl x V,, that each solve a different technical issue. First, in
Section 5.5.5, we will see that the complexity of transitions in F;, depends on the number
of collisions between the new block Aﬁj‘) being added, and (¢—1)-collisions already stored
in Dy_1(R), so we will only attempt to implement the transition subroutine correctly when
this set is not too large. In anticipation of this, we define:

By = {(vg;,vR,) € By KRy, ..., Ry, AV > pg} c B, (5.58)

where p; € polylog(n), which will be part of E, the set of edges whose transitions we
fail to implement. Second, if any vﬁ{jz € V,", has no neighbour in V;, which happens
exactly when Z (v Rojs ') = [¢], then its correct star state would simply have one incoming
edge from 1}, which, as discussed in Section 5.4.2, would make it impossible to define a
flow satisfying all star state constraints (P2 of Theorem 4.3.1). Unlike in the case of F,
there is no constant ¢, such that we can assume Z (v, Rojs 1) C [¢] for all v ' € V,",. Thatis
because while each iy, € A, can have at most k& — 2 collisions in Ry, 1, the total number of
such collisions for all iy € Ag”) may be linear in \Aé“) |. Fortunately this happens for only

a very small fraction of vf{jle € V[jl Thus, we define (choosing {1} arbitrarily):

By o= { (vfihe g (00 )+ 700k ) = fel}. (5.59)

which is disjoint from E,. Note that for / = k — 1, we always have Z(v}; 2 ) =0
and [c;_4] = [1], so Ej_, = . Since Ej will be part of E, we assume its endpoints
Iy o ({1}) are just otherwise isolated vertices that we do not consider a part of V(G) (see

Remark 4.3.2). As with E;, we set all edges in E’ to have weight w,. Thus, from this
discussion as well as Lemma 5.5.4 we have, for all v e V,f and S, € LT (vl Roje L),

= \/n/my 1ngﬂI(vR Z) =0
W1 g = W= /n/my lfI(URJ ) = [cg) and Sy = {1} (5.60)

v b
o 0 else.
We can see from (5.43), that

Bl + | By < )| [ViEa| = 0 (nal). (5.61)

e

VR, Jzz

Er C Vi_1 x Vi: Finally, there is an edge between Uf{l € Vi_1 and v’& i € VR for any
i, € Ay, so we define

Lt (v ') := Ag and L™ (v, ) = {<},
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Edge Set (u,v) (u,1) (v,7) W v Tuw
By CVox Vg (W vhe) | (Wpit) | (VR ¢) | wg =1 Ty =0()
EiCVytx W (W9, vk) | (0% S) | (Whiin) wy =1 T, =0(1)
{Bf cVex VIYEE | hvhy,,,) | (Whodert) | (Why,, o) | wi =1 T/ =0(1)
{Be CVE < Vi) | fehovk) | kS0 | (hede) | we= /2 | Te=0 (/)
By C VD %V, (v ! Vi) (vi i) (Vi ) wg =1 T, =0(1)

Table 5.5: For each edge in ﬁ(G), we can describe it in three ways: as a pair of vertices
(u,v); as a vertex u and forward label i = f,!(v); and as a vertex v and backward
label j = f,'(u) (see Definition 3.2.13). We summarise these three descriptions for the

edge sets that make up E (@) \ E, along with the edge weights, and transitions costs (see
Corollary 5.5.14). The edge labels i and j range across (sometimes strict) subsets of L™ (u)
and L~ (u) (see Table 5.4). For example, for u € V;", i = Sy € LT (u) = 21\ {0}, (u,9)
only represents an edge of ﬁ(G) when S; NZ(u) = () (see Lemma 5.5.3 and (5.60)).

and let fvﬁ_l(z'k) of i and f, 5 ( ) = v%t. We let Fj, be the set of such edges:

k=1 k k—1 ,
Ey = {(UR Vi) VR € Vie,ig € Ak},

and we set w, = wy, = 1 for all e € Fj. This, together with (5.48), implies that

2
|E,| = O (t”yvoy) . (5.62)
k—1

The graph GG: The full graph G is defined by

k k—2
~UrnoUw
=0 =0
k—2 k—1
B(Q) = {(u,0) s u € V(G),i € L*(u) : wyy # 0} = UE vE U J(EUE) UE,
=0 (=2

where the edge label sets L (u) are summarised in Table 5.4, and weights are summarised
in Table 5.5. We define (recall that £, C E/):

k—1
E:=|J(EUE). (5.63)
(=2

The marked set and checking cost: In the notation of Theorem 4.3.1, we let Viy = V4,
and we define a subset M C Vj as follows. If (aj,...,ax) € Ay X --- x Ay is the unique
k-collision, we let

M = {vf,..
= {’1)%17”.71316717% : 35 C [Cl], ey Sk C [ck_l],sl €S51,...,8,.1 € Sg_1 S.t.

WA [k — 1], ap € Rg(sl, .. .,Sg_l,Sg) and 75, = ak},
(5.64)

Ry 14 € Vi o 301, -y ik—1, %) € Dg—1(R) s.t. zj, = :L‘lk}
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and otherwise, if there is no k-collision, M = (). We can decide whether vf%’ik c Vi is
marked by querying i, to obtain the value x;, and looking it up in Dj_;(R) to see if we
find some (iy,...,i,_1,;,), in which case, it must be that a; = 41,...,a; = i;. Thus, the
checking cost is at most

C = O(logn). (5.65)

5.5.3 The star states and their generation

We define the set of alternative neighbourhoods (Definition 4.2.1) with which we will
apply Theorem 4.3.1. For ¢ € [k]o, for all vf% € V;, we add a single star state to U, (u),
which has one of three forms, depending on ¢ (refer to Table 5.4): for v% eV,

WS WR) = D W ohin); (5.66)

11€A1\R1

for ¢ € [k — 1], and v € Vi(S1,...,S0),

|¢*G(U§%)> = - Z V WK|U§%1 <_7j€> + Z WZ_|U§%1 _>7j€+1>;
Je€Re(p(S1),e-s1(Se—1),Se): Jer1€[mer1\Rey1
a7 (§e)=0
(5.67)

and finally, for v%ik eV,

W*G(UE,Z',C» = —\/VTk’U%ikv ). (5.68)

Here we have explicitly included the — and « parts of each element of L+ and L,
which are normally left implicit, in order to stress that the two sum are orthogonal. From
Table 5.4, along with the description of w in Lemma 5.5.3, we can see that for v% o € Voh,

G /
W* (U%,il» - = Wa_’v%,ilv <_> + Z \/VTl‘v%,i17SI>'

g e2 N0 \(0)

To generate this state, one would have to compute I(v%il) (see (5.52)), which would
require determining the locations of all forward collisions of i;, which is far too expensive.
Hence, we simply add all options to \IJ*(’U%J’»I) (we see in Lemma 5.5.5 that generating this
set is not difficult):

‘I’*(U%,z‘l)iz U it URu : \/W0|UR117 <)+ Z \/W1|U?%,i1751>

I Clei] Spe2letNT1\ {p}
0 (5.69)
Z(v% .
Thus, since we always have Z(v},; ) C [ei], [#0(0%,)) = [ir % (08,)) € Wa(ol,)-

=

Similarly, for ¢ € {2,...,k — 1} and vf{’]i € V', define:

\I/*(Uf%_u‘le) = U W RJe ’ \/Wﬁ 1|UR]£ <)+ Z rwRJz )

T, Cled] Spe2leeNTe\ {0}
(5.70)
Then from (5.60), we have
Chse) if Z(v% . ) C
W*G(U%,jl)) — WJ* (UR,M» 1 (UR,jZ) C led] (5.71)

MY (ol Yy I T(0 ) = e,



5.5. k-Distinctness algorithm 111

where I(U%ﬂ) is defined in (5.53).

We now describe how to generate the states in J,cy(¢) ¥x(u) in O(1) complexity (see
Definition 4.2.1):

Lemma 5.5.5. The states W, = {V, (u)},cv () can be generated in O(1) complexity.

Proof. The description of a vertex u € V(G) begins with a label indicating to which

of Vo,...,V}, or 1/()+,...,th2 it belongs, so we can define subroutines Uy, ..., U, and
Uo+,-..,Uk—2 4 that generate the star states in each vertex set respectively, and then
k k—2
Ue=>_ 10U @Ue+ Y _ 16+t + © Uy
=0 =0

will generate the star states in the sense of Definition 4.2.1.

We begin with Uy. For v} € Vp, we have ¥, (v%) = {|v:&(v%))}, where [:%(v%)) is as in
(5.66). Thus, implementing the map Uy : |u)|0) +oc [1/S (u)) is as simple as generating a
uniform superposition over Ay, and then using O(logn) rounds of amplitude amplification
to get inverse polynomially close to the uniform superposition over A; \ R;.

For ¢ € [k—1], and v}, € V;, we again have W, (v%) = {|v/¢ (v%))}, where [ (v5)) is as
in (5.67). To implement Uy : |u)|0) —roc [4%(u)), we first compute (referring to Table 5.5
for the weights):

4,0) o< Ju) (—M )+ fwi] %>) 0) = ) (=(n/m) <) +1 =) 10),

which can be implemented by a O(1)-qubit rotation. Then conditioned on <, gener-
ate a uniform superposition over j, € Re(u(ST), ..., 1(S;_1),S;) (we can learn the sets
ST,..., 5] by seeing which sets are bigger, or assume we simply keep track of these values
in some convenient way), and then using O(logn) rounds of amplitude amplification to
get inverse polynomially close to the superposition over such j, such that d (j,) = 0,
which we can check by looking up j, in C;7(R). We have used the fact that our data
structure supports taking a uniform superposition (see Section 3.5.1). Finally, condi-
tioned on —, generate a uniform superposition over jy,11 € [myy1], and use O(logn)
rounds of amplitude amplification to get inverse polynomially close to a superposition
OVer joi1 € [myt1] \ Retr.

For { € {2,...,k—1} (the case for ¢ = 0 is nearly identical), and v’ Ve+1: U, (v jz)
is a set of mult1ple states, as in (5.70). To implement U,_; 4 : |vR “>|I ) — [ (vR M)) for

all Z, C [¢/], we note that each of these states is just |v’ R, ﬂ) tensored with a constant-sized
state depending only on Z;, so we can implement U,_; 4 in O(1) time, by Lemma 5.4.3.
Finally, we implement Uy. For vf,; € Vi, we have W, (v, ) = {|¢$ (v, ))} as in
(5.68), so implementing the map Uy, : [vf;; )[0) —oc [ (v}, ) o [vfy; )] <) is trivial.
We thus conclude that U, can be implemented in polylog(n) = O(1) complexity. O

5.5.4 Tail bounds on number of collisions

If Ry,...,R,_; were uniform random subsets of Aq,..., A;_; respectively, it would be
simple to argue that, for example, the number of collisions stored in D,(R) for any ¢, which
is a subset of K(Ry,..., Ry), is within a constant of the average, with high probability.
Since R, is instead chosen from A, by taking ¢, blocks of A,, and these blocks themselves
are not uniform random, but rather chosen by a d-wise independent permutation for some
d = polylog(n), proving the necessary bounds, which are needed to upper bound the setup
and transitions costs, is somewhat more subtle.
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Lemma 5.5.6. For any /', ¢ € [k — 1] where ¢ > ¢’ and for any constant r there exists a
constant ¢ such that the following holds. If vf{l is chosen uniformly at random from V;_q,
then for any fixed (non-random) j € [my] we have

P

Proof. The proof proceeds by induction on ¢'.
Base case: For ¢/ = 1, we have R; = R, is a uniform random subset of(Al of size
©(t1) (for this proof, we ignore the partition of R; into (R;(S1))s,). Fix Ag] ) for some

o —1

B Ty AW b g2 5
(Ri,...,Re, A}) zc%logZ (n)| <n "

¢ > 1. Then Z = |K(R;, Ay ))\ is a hypergeometric random variable, where we draw R;
from A; and where we consider any i; € R; marked whenever it is part of a collision
in K(Rl,Aéj)). This means Z has parameters N = |A;| = O(n), K = |IC(A1,A§j))| and
d = |R1| = O(t1). As mentioned in Section 5.3, we may assume for any any Agj ) that
K =0 (‘Aéj)‘) = O(n/my). Then for any constant ¢, we have c(t1/my)logn > TKd/N
for sufficiently large n, so by Lemma 5.2.1:

o

Referring to Table 5.3, we have

;; ~0 (te 1) >0 <t1> — Q1)

Hence, we can choose ¢ sufficiently large so that n~°/"¢ < n~% completing the base
case.

Induction step: Suppose that for some ¢/ —1 € [k—2]and all ¢ € {¢/,... , k—1} the lemma
holds; i.e. for any fixed j € [m,] and for any «’ there exists a constant ¢’ such that

(RbAé‘j))‘ > thl logn] <e T'Tebg" — pct/me
my

_ — . to_ / ’
Pr { (Ryq,... ,Rg/,l,Agj)) > c’%log% 2(n)} <n™",
¢
where R; is a uniform random subset of A; of size O(¢;), and for all ¢ € {2,... ¢ — 1},
Ry is a uniform random subset of [m~] of size O (ty~).
Now consider Z = |K(Ry,... ,Rg/,Aﬁj))L where ¢ > ¢ and where R, is a uniform

random subset of [m] of size O(ry), and A(j ) is still fixed. It is important to remark
that this does not imply that Ry is umformly random, so instead we look at the blocks
of Ay. We say that any block Aé, 7 of Ay is marked if it collides with an ¢'-collision
in K(Ry,... ,Rp,l,AEj )), and we let B, be the random variable that counts the num-

ber of such marked blocks in Ay. Let & be the event that |K(Ry,... ,Rg/_l,Aéj))] <

J te'

Lo g Which happens with probability at least 1 — n~"", by the induction hypoth-
es1s Assummg &1 directly implies an upper bound on B; of the form

By < 11002 2 (), (5.72)

my
Next we introduce a hypergeometric random variable B, that counts the number of
marked blocks of R/, which we draw uniformly from {Aéf )} j'e[my]>» Which has By marked
blocks. Conditioned on event &, this means that B, has parameters N = my, K = By <
¢ =110g%" "*(n) (see (5.72)) and d = |Ry| = O(ty). To relate Z = [K(Ry, ..., Ry, AY)]
to Bg, we need to analyse what the effect is of any marked block in Ry on the number
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of collisions in |[K(Ry,..., Ry, Agj ))] By the induction hypothesis we know that for any
block AE? ) of Ay and each «”, there exists a constant ¢’ such that:

1

Pr HK(RD s 7§f’—lvAg./j/)) > C” 1Og2[,_2 (n) < n "

If |[K(Ry,..., Ry, Agl))| < log2£l72(n) for every block Agl) of Ay, which we denote
by event &, then any marked block that gets added to Ry results in at most ¢ log2z - (n)
collisions in K(Ry,. .., Ry, Aéj )), 50 Z < By log® ~*(n). This implies that

2€/71

ty
Pr [Z > o2 log (n)

my

t , /_ /_
E1 N 52] < Pr [BQ > X logzz 207y,
my

6’1} . (5.73)

Since Bs is a hypergeometric random variable, and c% long T2 > K /N for suf-
ficiently large ¢, we can use Lemma 5.2.1 and my = © (ty_1) to derive:

t, o1 2
—e 2 oe? 2 n

51:| <e Cimg 108 < n—CtZl/m[’ (5.74)

t 1ot -2
Pr [Bg > 2t log2 27
my

since 2¢~1 — 2¢-2 > 1 whenever ¢ > 2. By Table 5.3, we have

te _ g < te ) > () (t"> =Q(1).
my to—1 19%

Hence, by (5.73) and (5.74), we can choose c sufficiently large such that:

t/ /_
w2t 1(n)

Pr [Z > cd’—log

E A 52} < p~Cte/me < gk (5.75)
my

The only thing left to do is to use the union bound to upper bound
Pr=(&N&) < n " 4 mg/n*"" < n v 4 n*”"*l, (5.76)

where in the final inequality we have used the assumption from the lemma that my, < n.
We can now combine (5.75) and (5.76), to conclude that for any x we can choose ' > &
and k” > k + 1 and a constant ¢, large enough such that:

tor
my

tyr .
Pr|Z > @i logﬂ '
my

(n)] < Pr [Z > e 102" 7 ()

EL N 52:| + Pr [—\ (51 VAN 52)]
< n" L Rl <n " O

Corollary 5.5.7. For 0 € {2,... k — 2}, let vf{l be chosen uniformly at random from V,_;.
If the partition of Ay, into Uje[muﬂ
ford = log?" ™ (n) (see Section 5.3), then for all j € [my],

Aé& is chosen by a d-wise independent permutation

Pr[[KC(Ry, .. Be1, AP Rea)| = 1] < o(1),
and for any constant k there exists a constant c such that:

Pr |:|IC(§17 cee )Ef—la Aéj)aﬁé-i-l)’ 2 Ci| S n_H)

where we note that |K(Ry,..., Re_1, Aéj), Ryy1)| is an upper bound on the number of poten-
tial faults if we add the block Ag] ) to R,




114 Chapter 5. Application: k-distinctness

Proof. By Lemma 5.5.6, for any «’ there exists a ¢’ large enough such that for each fixed
J € [my] we have

/

Pr[ KRy, Ber, AP = ¢ 1og? " ()] <n™.

Leti',..., i’ € A, be all the points that collide with (R, ..., Ry_1, Aéj)), so with high
probability there are
K <k log2£71(n) < longil(n) =d

of them, since each tuple in K(Ry, ..., Ry_1, Agj )) can collide with less than k other indices.
Let 7 : [n] — [n] be the d-wise independent permutation used to choose the partitions of
[n], asin (5.1). Then {r(i'),...,7(:%)} is distributed as uniform set of size K, as long as
K < d. In that case, the number of elements of {i!,..., i} that are included in R,
Z, is a hypergeometric random variable with N = |[A;41| = ©(n), K < ¢ klogﬂ_l(n) as

above, and d = |Ryy1| = © (%> draws. From Table 5.3, we have

mMe+1

dK t . _gh—tm2
v =0 (e o) =0 (17T 1o ) <78

Thus, there is some constant e such that dK/N < n™¢, so for any constant ¢, we can use
the union bound and Corollary 5.2.2 to get
_ e\ ¢ ’
Pr[Z > ] < 2e°(en®) “ =2 <7> n-“4+n".
c
Hence, by choosing ' > « and ¢ large enough we obtain Pr[Z > ¢] < n™". Moreover, we

also see that for ¢ = 1:
Pr[Z > 1] <O +n™") < o(l). O

Corollary 5.5.8. Let v% be chosen uniformly at random from V. For any constant «, there
exist a constant c such that:

Pr {\K(El, o Ry)| > ety logQZ_z(n)} <n "

Proof. By Lemma 5.5.6, for each fixed j € [m,] and constant " > x + 1 there exists a ¢
large enough such that

Pr[ KRy, ... Rey, AP)| = clog? " (m)] < 07

By the union bound, the probability of this bad event happening for any j € Ry is at most
tyn~" < n¥, since t; < n, from which the statement follows. O

5.5.5 The transition subroutines

In this section we show how to implement the transition map |u,i)—|v, ) for (u,v) €
E(G) with i = f,1(v) and j = f, '(u) (see Definition 3.2.13). We do this by exhibiting
uniform (see Lemma 3.5.2) subroutines Sy, ...,Sk, So+,...,Sk—2+ that implement the
transitions in each of the edge sets F1, ...,Fx, ES“, e, E,j_2 defined in Section 5.5.2,

whose union is E(G) \ E. In Corollary 5.5.14, we will combine these to get a quantum
subroutine (Definition 3.5.1) for the full transition map.

Lemma 5.5.9. For ¢ € [k — 2|, there is a subroutine Sy such that for all (u,v) € E;
with i = f;'(v) and j = f,;'(u), Se+ maps |u,i) to |v,j) with error O in complexity

Tuw =T, =0(1).
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Proof. The proof is identical to that of Lemma 5.4.5. O

Lemma 5.5.10. There is a uniform subroutine S; such that for all (u,v) € E Wil'hNi =
fot(w)and j = f, 1 (u), Sy maps |u,i) to |v, j) with error 0 in complexity T, , = T1 = O(1).

Proof. The proof is identical to that of Lemma 5.4.6. O
We now move on to Sy, for ¢ € {2,...,k — 1}, which is somewhat more complicated.
For (vf{jlé, vt,) € Ey, where vf{,jle € V,7,(5;,...,S;_,), meaning that R’ is obtained from

R by inserting j, into Re(p(S7), ..., 1u(S;_,), Se) for some Sy, S; should act as

|vgz 1> Se) = [V, de) 5.77)
= ’((ﬁ -1 +)7 R, D(R)vjf)a Sf) = |(£7 Rla D(R,))7]€>

The complexity of this map depends on |K(Ry,..., Ry 1, Agje))], which is less than p, €
polylog(n) whenever (vf{,jle,vf%,) € E,\ E; = E,\ F (see (5.58) and (5.63)). Lemma 5.5.11
below describes how to implement this transition map, up to some error, in that case. For
the case when (vf{jlé, v%,) € By C E we let the algorithm fail.

Lemma 5.5.11. Fix any constant . For each ¢ € {2,...,k—1}, there is a uniform subroutine
Sy that implements the transition map that maps |u, i) to |v, j) for dll (u,v) € E,; \ E with
error O(n™"), in complexity T, , = Ty = O(y/n/my).

Proof. Suppose u = vﬁwe € V[[l(Sf, ...,87_1). We can compute the values S7,...,S;_;
by checking which sets are larger, or just keeping track of these values in some convenient
way, as they are chosen. Then to implement the map in (5.77), we need to insert j, into
Ro(p(SY), .., u(S;_y),Se) to obtain Rj, update D(R) to obtain D(R’), uncompute S; by
checking which part of R, has size t;, + 1, and increment the first register by mapping
|¢ —1,4) — |¢). All of these take polylog(n) complexity, except for updating D(R), which
we now describe.

By (5.41), D(R) consists of sets {Dg/(R)}Lf;ll where each Dy (R) contains a subset of
K(Ry1,...,Ry) (see (5.36)). When we go from R to R’, we need to update each of these to
account for any collisions involving indices i, € Aé”) that should be recorded in Dy (R').
For ¢/ < ¢, we can see that Dy (R) = Dy(R’), since Dy only depends on Ry, ..., Ry, which
are unchanged. For ¢’ > /, the existence of any (iy,...,is_1,%p,%041,---,%,2Zi,) € Dp(R')
(which we would now need to find and add) implies d}; (j,) > 0 (see (5.39)), and this

is not true for any (vf{’]i, vf%,) € E, (see (5.57)). Thus, we only need to find any tuples

(1,...,%¢, 2 ) such that iy € AE,”) that belong in Dy(R’). By (5.36), such a tuple should
be added to Dy(R’) if and only if (i1, ... ,4¢—1,24) € De—1(Re—1(11(ST)s - -, 11(S;_5), Se—1))
such that z;, = x;, for some Sy_; such that (S} ;) € Se_1.

We search for values i, € A,(Z“) such that if we look up the entry z;, in the data
Dy_1(Rg—1(p(ST)s - -+, 1u(S;_5), Se—1)) for some Sy,_; containing x(S;_,), we get back a
non-empty set of values (i1, ...,i_1,z;,). For any such value found, we add (i1, ..., s, z;,)
to Dy(Re(p(S), ..., (S 1), Se—1)). This increments the value of dp,(i—1), and so if

jo—1 € Ry_q is such that iy_; € Ag{e;l) (we can compute j,_; from i, in 6(1), see Sec-

tion 5.3), we have incremented the forward collision degree of j,_1, dj (je—1). We must
therefore update the entry in C;7, for j,—;. We look up j,_i, and if nothing is returned,
insert (jy—1,0). If (jy—1, N) is returned, remove it and insert (jy—1, N + 1). We repeat this
quantum search procedure, which is uniform, until we find p, = polylog(n) values iz, or
no new iy is returned for xlogn times. Since we are assuming that the number of such
collisions is less than py, since (u,v) € E, \ Ej, this finds all collisions with error O(n~"),

in complexity O (\/ |A§j£)]> = O(v/n/my). O
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We have the following corollary of the results in Section 5.5.4:

Corollary 5.5.12. For any constant , there exists a choice of constants {05}5;22 in the defi-
nition of Eé ((5.59)) and polylogarithmic functions {pg}]z;ll in the definition of Ey ((5.58))
large enough such that

W= we = O(n"W(G)).

ecE
Proof. Fix ¢ € {2,...,k—1}. Let vf{l be uniform random on V,_; (so R is uniform on its

support, see (5.44) and (5.45)). Then by Lemma 5.5.6, for any j; € [my], if p; € polylog(n)
is sufficiently large,

Pr[|K(Ry, ..., Re_1, AY)| > p] < n". (5.78)

Referring to (5.58), this implies that
|Eg| <n " |{(u,v) :u € VP ve LT (W} =n"V, |
For ¢ € {2,...,k — 2}, by Corollary 5.5.7, if ¢, is a sufficiently large constant,
Pr ’K(Eb s 7Rﬁ—17 Agjg)vﬁé-i-l” > C€i| < n_mv

which implies that |Z(vg,)| > c, with probability at most n=" (see (5.52) and (5.53)).
Referring to (5.59), this implies that

|E~32| <n "|{(u,v):u € Vgtl,v S L+(u)}| = n_”]VZ:1|.

Since Ej,_; = 0, the above also holds for ¢ = k — 1.
Combining these, and using the definition of F in (5.63), and the fact that |V[j1] =
O(|E¢| + |E}|), since each vertex in V," | has constant out-degree, we have

k—1 k—1
W= wilVH | <207 wiO(|Ed + [E)) =0 | n™" > we | =0(n"W(G)).0
(=2 (=2 ccE(G)

Lemma 5.5.13. There is a uniform subroutine Sy such that for all (u,v) € Ey with i =
fot(w)and j = f, Y (u), Sk, maps |u,i) to |v, j) with error 0 in complexity T,,, = T, = O(1).

Proof. The proof is identical to that of Lemma 5.4.5. O

We combine the results of this section into the following:

Corollary 5.5.14. Let x be any constant. There is a quantum subroutine (D%inition 3.5.1)
that implements the full transition map with errors e, < n~" for all e € E(G) \ E, and
times: To =T, = O(1) fordlle € Ey; T. = T; = O(1) fordll e € E}f, for all £ € [k — 2]o;
Te=Te=O(/n/my) fordlec By, forall £ € {2,... .,k —1}; and T, = T}, = O(1) for all
e € E.

Proof. This follows from combining Lemma 5.5.9, Lemma 5.5.10, Lemma 5.5.11 and
Lemma 5.5.13 using Lemma 3.5.3. O
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5.5.6 [Initial state and setup cost

The initial state will be constructed from the uniform superposition over Vj:

1
o) = Z W| R>

’U%EV

Lemma 5.5.15. The state |o) can be generated with error O(n~") for any constant x in

complexity
S:5<t1+t21/n+ ctt-14/ " )
31 tr—2

Proof. Fix p € polylog(n) and a constant c. We start by taking a uniform superposition over

all Ry € ( t(QCAll_1)) and querying each R, to get D;(R), which costs O(t;) (with log factors
1

coming from the cost of inserting everything into data structures as in Section 3.5.1). For

¢ €{2,...,k — 1}, we take a uniform superposition over all sets Ry € (t(cl...ce[ﬁé(]ﬂ_l))).
2

The total cost so far is 5(751 +to---+tr_1). Next, we need to populate the rest of the data
structure:
For each ¢ € {2,...,k — 1}, do the following.

For each (sy,...,50_1,5¢) € [c1] X -+ X [¢g_1] x 2l \ {0}, do the following.

Repeat until pt, values i, have been found, or clogn repetitions have passed in
which no i, was found:

Search for a new value iy € Ry(s1,...,s¢—1,5¢) such that there exists

(11, vy i—1,%4,) € Do—1(Rg—1(51,---,50-2,50-1))

for some Sy containing s¢—1. If such an i, is found, insert (i1,. .., i, x;,)
into Dy(Ry(s1,--.,S0—-1,95¢), and increment the forward collision degree of
je—1 such thatiy_q € A(” v stored in C;7,(R), as described in the proof of
Lemma 5.5.11.

If the inner loop finds Y € [pt,] values, so Y = O(ty), it costs at most (up to polylogarithmic

factors):
‘Rg tgn < thLY) -0 <t( TL) ’
\/ Y —y \/ my my

since |Ry| = ©(tyn/my). Since k, c1, ..., c,_1 are all constant, there are O( ) loops in total,
so the total cost of this procedure is O(\/ /my) for a total cost of:

(jz;lththg\/») =0 <t1+§tg+1\/z> ,

since t; = ©(my41) and for all ¢ > 1, t, = o(t1) (see Table 5.3).

In parts of the superposition in which there are more than pt, collisions to be found
in some inner loop, we have failed to correctly populate the data D(R), and so the state
is not correct. We now argue that this represents a very small part of the state. For uni-
form random sets R, ..., R,_;, we could argue that the expected number of /-collisions
in K(Ry,...,Ry) is O(ty), and use a hypergeometric tail inequality to upper bound the
proportion of R for which this failure occurs. Things are more complicated, since the sets
Ry for ¢ > 1 are not uniform on all possible sets — they are composed instead of blocks.
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However, by Corollary 5.5.8, for every ¢ € {2,...,k — 1}, if vf% is uniform random on V,,
meaning Ry, ..., Ry_; are uniform random sets, but Ry,..., R;_; have limited support,
we still have the necessary tail bound, when ¢’ is a sufficiently large constant:

Pr|[K(Ry,...,Re)| > tod 1og2é*2(n)} <n".
Thus, choosing p = ¢/ log%1 (n), the state we generate is O(n~")-close to |o). O

5.5.7 Positive analysis

For the positive analysis, we must exhibit a flow (see Definition 3.2.3) on G whenever

M # 0.

Lemma 5.5.16. There exists some RT = O(|Vy| ™) such that the following holds. Whenever
there is a unique k-collision (ay,...,a;) € Ay x --- x Ay, there exists a flow 0 on G that
satisfies conditions P1-P5 of Theorem 4.3.1. Specifically:

1. Foralle € E, 6, = 0.
2. Forallu e V(G)\ (Vo U M) and |y) € Uy(u), (104]6) = 0.

ZUEVO au — ]..

W

pa

Z’LLEVO ‘GU;?U(;L)F <L
5. ET(0) < RT.

Proof. Recall the definition of M from (5.64). For ¢ € {2,... .k — 1}, let j; € [m,] be

the unique block label such that a, € Aéjz). Then a; € Ry(s1,...,80-1,5) if and only if

jz S Rg(Sl, ceySe—1, Sg)

Assuming M # (), we define a flow # on G with all its sinks in M. It will have sources
in both Vj and M, but all other vertices will conserve flow. This will imply Item 2 for all
correct star states of (G, but we take extra case to ensure that Item 2 is satisfied for the
additional star states in U, (u) : u € Ué:g V,*. We define 6 from Vj to Vj, as follows.

RS“, Item 3, and Item 4: We define M, as the set of vOR € Vp such that for all ¢
{2,...,k — 1}, we have |[K(Ry, ... ,Rg_l,Ag”)ﬂ < p¢, Where py is as in Corollary 5.5.12,
and forall ¢ € {2,...,k—2}, [C(Ry,...,Re_1, Aé‘]e),E@J’_l” = (0. We define the flow 6 over
the edges in EJ as

e _ % if’u%eMoandil:al

YRR 0 else.
That is, each vertex in M, has a unique outgoing edge with flow, and the flow is uniformly

distributed. From this construction we immediately satisfy Item 3.
By Corollary 5.5.7, we know that the proportion of vertices v}, € V; that are excluded

from M, because |K(Ry,... ,Eg_l,Ang),Rg+1)| > 11is o(1). By (5.78), the proportion
of vertices excluded because |[K(R;,... ,Eg_l,AéJZ ))| > py is also o(1). Hence, we can

compute:
(o () o)) a1
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Since o(u) = \%I’ we can conclude with Item 4 of the theorem statement:

[ O] EY G N S R 11 ISP R
uezvo o(u) = Vol (|M0| |Vo|> (’M0| 1) =o(1).

Recall we want to compute £T(#) = (A7) (see Definition 3.2.7), which treats an edge e
as a path of length T.. Using T§ = O(1) and wj = 1 (refer to Table 5.5), the contribution
of the edges in Ej to the energy of the flow can be computed as

9 ~ 1 ~ 1
T~ =0 —— | =0+ 5.
- YT =0 E ) =0(am) e

€E+ u€Mpy

since each vertex in M, has a unique outgoing edge with flow and the flow is uniformly
distributed.

R1 and Item 2 (partially): Let M be the set of v}, € Vi such that v, € M, and

i1 = a1, so | M| = |My|. These are the only vertices in V" that have incoming flow,
which is equal to | Jvl[ E Note that no fault can occur when we add a; to R; because we

have ensured that a; ¢ Ry; thatis I(v%2 a1) = (), and so by Lemma 5.5.3, Wy 5 = Wi = 1
] a1’
for all S; € 2[)\ {§}. To ensure that we satisfy Item 2 we define the flow as

a1\

0 1
YR,i; VRt

) B (—1)‘Sl|+1ﬁ if v, ;, € My and v, = foo (1),
0 else

where we recall that v}, = vaR (S1) if and only if R’ is obtained from R by inserting i;
321

into R(S1). We verify that indeed for each u = v, , € Mg and | (u)) € W, (u) (see
(5.69)) Item 2 holds:

O4(Z1,u) := Z ’f“ ’) (u)|u, i) — Z Ou, 1 (i

=

(W (u)lu, 1)

€Lt (u) €L~ (u) WS—
P P (5.80)
> *#r i) [
Sye2ler T {0} ! wy
We have f,(+) = v% € V,, and 9”%,(11,”% = —GU%JJ%‘GI = —|Mo|™%, and 6, ;,(s,) =
(—1)!5111 M|, so we continue from above:
O.(Zr,u) = Y (=DFAG T = (=M T)(-1)
Spe2le\Ti\ (g}
(5.81)

=—Mo7 D0 () -11 ) =0,
5y e2let\Ty

since ) g colei\7y (=1)I51 = 0 (i.e. for any set S, exactly half of its subsets have even size).

Using T = 5(1) and w; = 1, the contribution of the edges in E; to the energy of the flow
can be upper bounded as

1 ~ (1
Ri = Zle—l > e :O<|Mo|>' (5.82)

M,
e€Ey ueMy 51211\ {0} ol
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R/ for ¢ € [k — 2]: Let My(Sy,...,S) be the set of v}, € Vi(Si,...,Sr) (see (5.44)) such
that a; € R1(51>, forall ¢’ € {2, - ,é}, -]Z € Rg(u(Sl), e ,,u,(Sg,l), Sg), and

0
URi\{a1},Ro\ G b RO Reg 1o Ry € Mo

Then letting M, be the union of all M,(S, ..., Sy), we have | M| = O(]My|). We will define
6 so that M, are exactly the vertices of V; that have non-zero flow coming in from V," |, and
specifically, we will ensure that the amount of incoming flow for each v* "€ Mi(S1,...,5)
is (—1)IS1l++ISd+€| A =1, So far this can only be verified for ¢ = 1 due to the flow that
we constructed on Ej, but it will follow for all # € {2,...,k — 1} when we define the flow
on FE; (see (5.84)). For now, we define the flow # over the edges in E[ as

[ Mo

l
YRR iy 0 else,

Z _{(—1)|Sl+'“+3fl+f L if ol € My(Sy,...,Se) and jy = ji,

so we are just forwarding all flow from v}, to a unique neighbour vf, j+- Using TH=0(01)

and WZ = 1, the contribution of the edges in Ej to the energy of the flow can be upper
bounded as

9 ~ 1 ~ 1
T == — | = — . 5.83
=L TGO 2 e O<|Mo> (583

e€ES ueM;

Ry for ¢ € {2,...,k — 1} and Item 2 (continued): Let M, (Si,...,S,1) be the set
of vfi{jl* € V[:l(Sl,...,Sg_l) such that vz Ve My_i(S1,...,Si_1), so letting Métl be
4

the union over all the sets M," (S1,...,Si—1), 6—1‘ = O (|Mi-1|) = O(|Mpl|). Note
that MZ“_ 1(S1,...,8,—1) are exactly the vertices of V[[l that have non-zero flow com-
ing in from M, 4(S;,...,Sy). For any Uf{jlg € Mj_l(Sl, ...,Sp_1), this flow is equal to

(—1)IS1l+ISeal+(E= 1) A 7! Note that no fault can occur when we add j; to R, because
we have ensured in our definition of My that K(R1, ..., Ry_1, AE”), Ryy1) = 0, so we have
I(v% ]1 ) = 0, so by (5.60), there is an edge for each S, € 2[¢\ {(}} to which we can assign
flow. To ensure that we satisfy Item 2 we define the flow as

St +|Sel+£ .
0,0 ., — —1)' 1 |Sel |]\/1[0| if VR,j, € Metl(sl, .. ‘75271) and ’U%/ = f”fg_,jl[ (56)7
YRR 0 else,
(5.84)
where we recall that for vf{’é € V;H (St S1), v = fvfi{,jle(sf) if and only if R’ is

obtained from R by inserting j, into Ry(p(S1), ..., 1#(Se—1), Se). Note that this is consistent
with the incoming flow we assumed when defining 6 on the edges in E[_ |» above. We

verify that for each u = vf{jl; € M} (S1,...,80-1) and [t (u)) € W, (u) (see (5.70)),
Item 2 holds. By a computation nearly identical to (5.80) and (5.81), we obtain:

Z uf“ (u)|u, i) — uf" w)|u, i)

*
i€ Lt (u) i€L™ (u) W

— (_1)|51\+---+\5571|+f Z (_1)|5l‘ — 1= (—1) =0.

Spealed\Te
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Using T, = 6(\ /n/my) and wy = y/n/my (see Table 5.5), we can upper bound the contri-
bution of the edges in Ej to the energy of the flow:

02 < 1 ~< 1 >
Ry = T,-4£ =0 — | =0 —]. (5.85)
‘ ; “we . 2 | Mol | Mol
ecky ueM;" | S,e2led\ {0}

Ry: Finally, let My,_1(S1,...,Sk_1) be the set of vt € V4 _1(S1,...,Sk_1) (see (5.44))
such that a1 € Ri(S1), forall ¢ € {2,...,k — 1}, j; € Ry(uu(S1), ..., 1(Se-1), S¢), and
’U%l\{al}7R2\{j5}7~~~1Rk—1\{j]:,1} € My. We let Mj,_, be the union of all Mj,_1(S1,..., Sk 1).
These are exactly the vertices of Vj,_; that have non-zero incoming flow, with the amount
of incoming flow equal to (—1)!S11++Sk—1l+(E=1)| A=t We define the flow 6 on the
edges in Fj, as

[ Mo

0. B (_1)|Sl\+~-.+\Sk—1|+(k—1) ML if ’U% e Mk—l(Sl, o Sk—l) and iy, = ay,
71 pr—
i 0 else.

YR VR,

It is easy to verify that the only vertices v ;. € Vi that have non-zero flow are those in

M, and thus, all sources and sinks are in Vo U M (M contains some sources, because some
vertices have negative flow coming in). Using Tx, = O(1) and wy = 1, the contribution of
the edges in F), to the energy of the flow is:

62 - 1 - 1
— E :T e _ E { - | = I .
Ry kwk 0] | k|2 O(’MO|) (5.86)

e€Ey, u€ My,

Item 1: Recall that £ := 5;21(]@@ U Eé) ((5.63)), where E;, C E,; ((5.58)). By ensuring

that there is only flow on v, ,  whenever K(Ry, ..., Ry_1, Ay ‘f)) is not too big, we

k—1
have ensured that the flow on the edges in Uif:_% E, is 0, and by only sending flow down

edges that are part of E,, which is disjoint from Ep ((5.59)), the flow on U’g;zl Ey is 0 as
well, which implies that the flow on all of F is 0.

Item 5: It remains only to upper bound the energy of the flow by adding up the contribu-
tions in (5.79), (5.82), (5.83), (5.85) and (5.86):

k—2 k—1
~ 1
ETO)=RE+R1+ Y R+ Re+Rp=0 <1M\>
0
/=1 (=2

Substituting | My| = O(|V]|) yields the desired upper bound. O

5.5.8 Negative analysis

For the negative analysis, we need to upper bound the total weight of the graph, taking
into account the subroutine complexities: W' (G).

Lemma 5.5.17. There exists W7 such that

WHG) <WT <

@Y
VR
VR

3

_l_
~ el
Il |
— =

IS
~—
=
~
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Proof. Recall that WT(G) = W(GT) is the total weight of the graph G'T, where we replace
each edge e of GG, with weight w,, by a path of T, edges of weight w., where T, is the
complexity of the edge transition e (see Definition 3.2.7 and TS1-2 of Theorem 4.3.1).
Thus, WT(G) = > ccr(G) Tewe. By Corollary 5.5.14 (see also Table 5.5) T, = O(1) for

all e € By U Ex UUjepgy, By and T = O(y/n/my) for all e € By for £ € {2,...,k — 1}.
We have defined the weight function (see Table 5.5) so that w, = 1 foralle € Ey U E, U
Ueeir—21, E} and w, = /n/my for all e € Ey for ¢ € {2,...,k — 1}. Thus, using (5.49),

the total contribution to the weight from the edges in ES“ is:
Wy =Tgw{ |Ef| =0 (n|V)). (5.87)
For ¢ € [k — 2], we can use (5.50) to compute the total contribution to the weight from the

edgesin E;:
W =Tiw} |[Ef|=0(n|V]). (5.88)

Using (5.56), the total contribution from the edges in F; is:
Wl = T1W1 |E1| = ( |Vb|) (589)
For ¢ € {2,...,k — 1} using (5.61) the total contribution from the edges in E; is:
~(n ~ [n?
We:=Twg |Egl =0 — | |Ee =0 — Vo] | - (5.90)
my myg
Finally, using (5.62), the total contribution from the edges in Fj, is:
Wk = Tka |Ek’ = O <tk1 |V0|> . (5.91)

Combining (5.87) to (5.91), we get total weight:
k—2 k—1 TL2 TL2 k—1 n2
T - A n- n -0 n-
W(G)-O((n—l—Zn—i—n—i—Zme-i- _)%\) O<<n+ >!Vo!>,
using my = O(ty_q) forall ¢ € {2,... k- 1}. O

5.5.9 Conclusion of proof of Theorem 5.5.1

We can now conclude with the proof of Theorem 5.5.1, showing an upper bound of

~ 3_1 1
0 (n4 42 ) on the bounded error quantum time complexity of k-distinctness.

Proof of Theorem 5.5.1. We apply Theorem 4.3.1 to G (Section 5.5.2 and Section 5.5.1),
M ((5.64)), o the uniform distribution on V; ((5.42)), and ¥, (Section 5.5.3), with

~ k—=1 o B
o) ot
(=1

Then we have, referring to Table 5.3,

_ k—1
WIRT = ( + )
/=1

We have shown the following:

;*\3
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Setup Subroutine: By Lemma 5.5.15, the state |0) can be generated in cost

k—2
~ n
S=0|t t — .
( 1+ E é+1\/tz>
=1
Star State Generation Subroutine: By Lemma 5.5.5, the star states W, can be generated

in O(1) complexity.

Transition Subroutine: By Corollary 5.5.14, there is a quantum subroutine that imple-
ments the transition map with errors ¢, , and costs T, ,, such that

TS1 For all (u,v) € E(G) \ F (defined in (5.63)), taking x > 2 in Lemma 5.5.11,
we have €,, = O(n™%) = o(1/(RTWT)).
TS2 By Corollary 5.5.12, Lemma 5.5.17 and using x > 2:

W =0(n"WT(G)) = o(1/RT).

Checking Subroutine: By (5.65), for any u € Vy = Vj, we can check if u € M in cost
O(1).

Positive Condition: By Lemma 5.5.16, there exists a flow satisfying conditions P1-P5 of
Theorem 4.3.1, with ET(9) < RT = O <|V0|71>.

Negative Condition: By Lemma 5.5.17, WT(G) < WT = ((n + 5 ?72) !Vo\)-

Thus, by Theorem 4.3.1, there is a quantum algorithm that decides if M = () in bounded
error in complexity:

O (S+VRTWT) = <t1+2tg+1\/>+f+k§\;%>

k—2
~ n n
=0 t1+§ tor1y/— +v/n+
< =1 TV ViK1
ok—1—1

3_1_1 e kil
since t; >t > - -+ > t;_1. Choosing the optimal values of ¢, = n4 (s R D e

for
¢ € [k —1], as in Table 5.3, we get an upper bound of O <n4 = ) Since M # () if « has

a unique k-collision, and M = () if x has no k-collision, the algorithm distinguishes these
two cases. By Lemma 5.3.1, this is enough to decide k-distinctness in general. O







CHAPTER 6

Multidimensional electrical
networks

World goin’ one way, people another.

Poot, The Wire

This chapter is based on the paper Multidimensional Electrical Networks and their
Application to Exponential Speedups for Graph Problems [1.Z23], which is joint work with
Jiangiang Li.

While the multidimensional quantum walk framework is capable of achieving
exponential speedups, its connection to electrical networks remains unclear due to its
generalisation compared to existing quantum walks. In this chapter, we reestablish this
connection, which we call the multidimensional electrical network framework. By
generalising existing electrical networks through the use of alternative neighbourhoods,
this framework enables the generation of quantum states corresponding to an alternative
electrical flow over the edges of graphs, which admits an alternative potential. We argue
that these definitions are natural by demonstrating that the alternative flow and potential
satisfy the same linear relationships as the standard flow and potential in electrical
networks. We first apply this framework to locate a marked vertex in one-dimensional
random hierarchical graphs. Additionally, we define a family of graphs where we can
efficiently generate the quantum alternative electrical flow state and sample from it to
recover an s-t path exponentially faster than is possible classically.
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6.1 Sampling from the electrical flow

In Section 3.2, we discussed quantum walks, electrical networks, and the connection be-
tween them. More specifically, we saw how this connection led to a quantum walk algo-
rithm that approximates a quantum state representing the electrical flow in a network, as
described in Corollary 3.4.2. In Chapter 4, we explored how to generalise quantum walks
through the multidimensional quantum walk framework. To preserve the aforementioned
connection after this generalisation, we also need to extend the notion of an electrical net-
work. In this chapter, we construct this generalisation, which we call the multidimensional
electrical network. We demonstrate how it naturally arises by generalising Kirchhoff’s Law
and Ohm’s Law into Alternative Kirchhoff’s Law and Alternative Ohm’s Law, respectively.
This generalisation is achieved by incorporating the alternative neighbourhoods technique
from Section 4.2 into these electrical network laws. Before tackling this generalisation,
however, we first discuss the importance of efficiently approximating the electrical flow
state.

In Corollary 3.4.1, we discussed how to design a quantum walk algorithm that detects
the existence of marked vertices in a graph. In [AGJ20], it was shown how to extend this
result to find a marked vertex. An alternative approach was proposed in [Pid19], which
works by sampling from (an approximation of) the electrical flow state. By adding new
edges from the marked vertices to a new vertex ¢y, an s-t( electrical flow @ is created in
the modified network. Assigning appropriate weights to these new edges ensures that, by
sampling from the electrical flow state |#), one can obtain one of these new edges (each
containing a marked vertex) with high probability. A key subroutine of this algorithm,
which is interesting in its own right, approximates the effective resistance R, in the
electrical network G. By extending the connection between quantum walks and electrical
networks to the multidimensional quantum walk framework, we open up the possibility
of integrating the alternative neighbourhoods technique with these applications.

As seen in (3.6), another perspective on electrical flow is that it forms the solution to
a Laplacian linear system. Classically, such solutions can be approximately computed in
nearly-linear time (in the number of edges) [ST14]. However, as in the case of welded
trees graphs discussed in Section 4.4, this becomes impractical if the network contains
an exponential number of edges. By combining the Laplacian linear system with the
concept of alternative neighbourhoods, we show in this chapter how, in certain cases, we
can approximate the electrical flow in an exponentially large network in polynomial time.
It is important to note, however, that this solution approximates the exponentially large
quantum state |#). As with the HHL algorithm [HHL09], fully extracting the solution into
its classical form would still require exponential time.

6.2 Multidimensional electrical networks

6.2.1 Alternative neighbourhoods revisited

Recall from Section 4.2 that multidimensional quantum walks modify the quantum walk
operator through the use of alternative neighbourhoods (see Definition 4.2.1), resulting
in the operator

U_AaItB == (QH_AaIt - I)(2HB - I),

where I1 4. is the orthogonal projector onto .4, meaning

ay—1

QHAaIt —1=2 Z Z ‘J’u,z><@u,z’ —1I.

weV(G\{s0,t} i=0
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To distinguish this from the case without alternative neighbourhoods and from “regular”
electrical networks, we retain the superscript alt throughout this chapter.

As in Section 4.2, we “walk” on the modified network G’, which is obtained by con-
necting the vertex sy to s via an edge with weight wy, as shown in Figure 3.2. Hence our
phase estimation algorithm operates on the Hilbert space

H = span{|u,v) : (u,v) € E(G')}. (6.1)

The initial motivation for our multidimensional electrical network, is to be able to
apply Lemma 3.3.11 to this more general walk operator as well, resulting in a variant
of Corollary 3.4.2 that allows for the use of alternative neighbourhoods. More concretely,
this means that we need to find a new optimal positive witness |wa't> (see Definition 3.3.9)
with respect to TA" instead of U4 and an (unnormalised) state |w gar) € A2 such that

walt
o) = VBl (1 T,

[
For simplicity we will assume in the rest of this work that s and ¢ do not contain any
additional alternative neighbourhoods, as it greatly simplifies notation and intuition. In

our applications in Section 6.3 and Section 6.4 these simplifying assumptions will also
hold.

6.2.2 Alternative Kirchhoff’s Law

We begin with the construction of |w?'), which, as in the case without alternative neigh-
bourhoods, starts with a flow state (see (3.29)). For any unit flow 6, we have that |0)
lies in the symmetric subspace B+ by construction. However, our optimal witness |w?'),
with respect to WA™, must also satisfy IT s |w?®) = 0. In (3.31), we used Kirchhoff’s
Law to achieve this, showing that for any s-t flow # and any vertex u € V\{s,t}, we
have (¢, (u)|#) = 0. However, with the addition of alternative neighbourhoods, being
orthogonal to all star states is insufficient to guarantee orthogonality to .4, as seen in
Section 4.2.1. Instead, the flow state |#) must be orthogonal to all of span (W, (u)) for every
u € V\{s,t}. Therefore, we modify Kirchhoff’s Law to obtain the Alternative Kirchhoff’s
Law:

Definition 6.2.1 (Alternative Kirchhoff’s Law). For any s-t alternative flow 62" with respect
to a collection of alternative neighbourhoods V¥, on an electrical network G = (V, E,w)
with s,t € V, the corresponding flow state |0*") is orthogonal to span(¥,(u)) for every
u € V\{s,t}, thatis, (1, ;|0) = 0 for each i € [a,, — 1]o.

We refer to any unit s-t flow satisfying Alternative Kirchhoff’s Law as an alternative
unit s-t flow. This law can be interpreted as the conservation of flow across all alternative
neighbourhoods, which we previously encountered as P2 in Theorem 4.3.1. Similarly to
Definition 3.2.3, we define the s-t alternative electrical flow with respect to ¥, as the
alternative unit s-t flow with minimal energy:

Definition 6.2.2 (Alternative Electrical Flow). For a collection of alternative neighbour-
hoods U, on an electrical network G = (V, E,w) with s,t € V, the s-t alternative electrical
flow is the alternative unit s-t flow with minimal energy £(0?'). We call this minimal energy

the alternative effective resistance R3'.

At first glance, it may seem that multiple alternative unit s-¢ flows could achieve the
minimal energy Rz'}f However, we will prove in Theorem 6.2.7 that the s-¢ alternative

electrical flow is indeed unique, assuming an alternative unit s-¢ flow exists. In some
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cases, the “regular” s-t electrical flow may also satisfy Alternative Kirchhoff’s Law, making
it identical to the s-t alternative electrical flow. We present an example of this in Sec-
tion 6.3, allowing us to apply Lemma 3.3.11 with similar parameters as in Corollary 3.4.2.
In contrast, there may be cases where no s-t flow satisfies Alternative Kirchhoff’s Law,
and thus the s-t alternative electrical flow does not exist. We have encountered such an
example in Section 4.2.1. Most commonly, we find ourselves in between these extremes,
where the s-t electrical flow and the s-t alternative electrical flow do not coincide, and
Ohm’s Law does not hold.

Before we address the problem of not being able to apply Ohm’s Law, we complete
the construction of our optimal positive witness. To obtain a state orthogonal to 4't, we
seek an so-t flow 62" on G’. Since by assumption s contains no additional alternative
neighbourhoods, we can can construct 62" from any alternative s-t flow #2' by sending
one unit of flow along the edge (sg,s) € ﬁ(G’ ). According to (3.29), the corresponding
flow state becomes

alt/

\/ﬁ Z M(’Ua v) + |v, u))

(u, v)E

|ea|tl> —

1 ealt

u,v 1
= \/2 (S(Halt)—i—l/Wo) Zﬁ W;“, (|U,U>+ ‘U,u>)+wfo(|50,s>—|—|s,30>)
(uv)€ E(G) 7

(6.2)

By Alternative Kirchhoff’s Law, [#2'¥') serves as a valid 0-positive witness for every so-t
alternative unit flow 2. Assuming that the optimal positive witness takes this form, we
have, similarly to (3.33) and by Definition 3.3.9, that the optimal positive witness (with
respect to A%'") is given by

|walt> = arg min {H woE (H2't) + 1|0a|t/>
\/mwm/)

Thus, the optimal positive witness is

aIt /W Ralt + Healt/ (63)

where 62!t is the s-t alternative electrlcal flow. Similar to the case without alternative

alt
neighbourhoods, we set wy = Ralt to ensure that KH' W’(ﬁ' is at least a constant, as re-
w?

quired by Theorem 3.3.8. Just as in (3.35), we have

alt
RSOvt - Z

- 9" is an alternative s-t unit flow} .

pa palt 2 palt
(V:,v) (63)" 3 (V;w) Wi + R = 2R (6.4)
u,v 0

WSO7

()€ B (G wo)eB@
which satisfies
o) _ 11 ©5)
llw)]* woR3, 2 '

6.2.3 Alternative Ohm’s Law

We have now constructed our optimal positive witness, but we still need to verify our
assumption that |w?") is always (up to a multiplicative factor) equal to |62"') for some s-t
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alternative unit flow 62, which we prove in (6.8). For now, let us return to Lemma 3.3.11,
where we still need to find an unnormalised state |w 4ar) € A% such that

a|t>

WO) f|’| a|t>” (I_HB)|wi{t>'

If the s-t alternative electrical flow 62 does not overlap with the s-t electrical flow, we
cannot find a potential vector p defined on the vertices V' that satisfies Ohm’s Law. Instead,
we look for a potential vector p®"t on the edges E, meaning it assigns a potential palt to
each edge (u,v) € E.

Definition 6.2.3 (Alternative Potential). An alternative potential vector (or alternative
potential function) on a network G = (V, E,w) is a real-valued function p't : E — R that
assigns a potential p,, , to each ordered pair (u,v) € E.

Similar to how the potential vector satisfies p, = R,; and p, = 0, we require the
alternative potential vector p"* to satisfy p2t, = R3!t and palt = 0 for every v € I'(s) and

v € I'(t), respectively. The corresponding alternative potent1al state is defined as

]pa't> = ool Z Z VW (P, |u v) — palt v, u)). (6.6)

St V(G)\{s} vel'g(u)

Definition 6.2.4 (Alternative Ohm’s Law). Let 62" be the s-t alternative electrical flow
with respect to a collection of alternative neighbourhoods ¥, on an electrical network G =
(V, E,w) with s,t € V. Then the alternative potential vector p®' corresponding to 6°'* as-
signs a potential p3", on each edge (u,v) € E such that pat, = R3"% and p?' = 0 for every
v € T'(s) and v € T'(t), respectively. Additionally, the associated state |p®"*) (see (6.6)) sat-
isfies T1 4 |p?') = |p?) and the potential difference between (u,v) and (v,u) is equal to

the amount of electrical flow Ha't along (u,v) multiplied with the resistance 1/w,,,, that is,

alt alt _ palt
pu v~ Py U eu,v/WU,U'

We have not yet introduced the necessary tools to show that an alternative potential
vector p?"t satisfying Alternative Ohm’s Law always exists. Without the additional con-
dition II 4:[p™"*) = [p*"), there would be no dependency between the variables p3", and
pf,'tu for different edges, and it would always be possible to find a potential vector satisfy-
ing Alternative Ohm’s Law. However, we will prove in Theorem 6.2.9 that the condition
IT 4a|p?') = |p?'t) ensures the uniqueness of the alternative potential. The state |p2'*) will
not be our choice of |w 4), but it will in fact be |p¥). Here, p" corresponds to the

potential of the sy-t electrical flow on G’, with the alternative potential state given by

2
| Ay, al
LR E~ D DD DINCE st W 0

50,0 V(G)\{s0} vel o (u)

= alt Z Z Au ! pzlz V WU,U|Ua U>'

stv @) veT g (u)

(6.7)

alt/

If the potential vector p*' satisfies Alternative Ohm’s Law, then, using a similar derivation
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as in the proof of Corollary 3.4.2, we see that |p?¥') is a valid candidate for |w gat):

1 alt/

)= e X Zlu)+ o)
7—\J’507 u,v)Gﬁ G") o
1
——— Y (e =) W () + [v,u))
fRaIt
505t (u,v) EB G’)
— (T+SWAP) > Y (=1)2pdY Wao|u, v)
2 il)t,t V(G') vl o (u)
1
= B u”p W0 |U, V see (o.29
I —TIp) A W, 3.25
R V(@) velg (u )
1
= (I —T1g)[p*™) + (I — TIp) N (~1)Ae0pA A ulso, v) see (6.7)

\/ R?!ﬁ v€el'(s0)
1

— (1 = 1) [p™) + (I — Tlg)—=—21 /Rt (s0)) = (I — Tg)[p') + V2Iiko). see (3.28)

Ralt

s,t

This can be rewritten as

W}O> _ galt/> o (I o HB) alt/> (68)

\/5\ flp

By Definition 6.2.4, we know that |p2') € .42, showing that our choice of |w?') was in-
deed the optimal witness, as indicated by Fact 3.3.10. Thus, after applying Lemma 3.3.11
with |w gar) = %]pa'“ ), the resulting state after running phase estimation on the quantum
walk operator U 4.iz with the initial state |¢)y) approximates the so-¢ electrical flow state
|62"). We will formalise this in Theorem 6.2.9 after proving that both #2'* and p'* exist
and are unique.

In the following examples and applications, we demonstrate this existence by explicitly
constructing the state |p?'). To verify that T 4 [p?") = |p?'*), we introduce the states:

i) = ,/7;.;<|u><u| D))

for u € V(G)\ {s}. To verify whether IT 4. |p?'t) = |p?"), it suffices to verify that each ]pa't>
lies in span{ ¥, (u)}, since we can decompose |p'*) as

2
|pa|t>: Ralt Z Z (—1) uvpzltzngu’v’ua’”)

St ueV(G)\{s} vela(u)
2

| Rat Z |Palt>

St ueV(G)\{s}

(6.9)

In the special case where v has no additional alternative neighbourhoods, for |pa't> to
lie in span{W,(u)} = span{|iy.(u))}, the edge potentials p,, , must be identical for each

v € I'(u), which holds by Ohm’s Law.
6.2.4 Example graph

Having reestablished the connection between the alternative potential vector and the
s-t alternative electrical flow within the multidimensional quantum electrical network
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Yy Yy Yy
i i 3 3 11 8 4
1 1 3 3 1 8 4
1 ! 1 / Z 3 3,/ 3 N\
° °® ® °
S x t S x t S x t
w,,,, for each (u,v) € E 6., for each (u,v) € E py foreachu € V

Figure 6.1: Graph G with its s-t electrical flow ¢ and corresponding potential p at each
vertex.

1 1
/ ; X / K / Nn
o 3 o 4 2 o 3 0
s T t S x t S x t
63t for each (u,v) € E pilt, for each (u,v) € £ pilt for each (v,u) € B

Figure 6.2: Graph G where the coloured vertex = has an additional alternative neigh-
bourhood. The s-t alternative electrical flow #2'* with respect to this extra alternative
neighbourhood is displayed, as well as the corresponding alternative potential vector p2't.

framework, we now provide some intuition for these new definitions by revisiting our
running example from Figure 3.1. Consider the network G = (V,E,w) with vertex
set V. = {s,z,y,t} and directed edge set E = {(s,z), (z,y), (z,t), (y,t)}. Each edge
(u,v) € E has a weight w,,,, = 1/4, except for the edge (s, z), which has weight w, , = 1.
This network is visualised in Figure 6.1. These directions and weight assignments lead to
the following star states for each of the four vertices:

() = 15, ), e =3 (Aot + gl + 3.
u) = V2 (=gl + 310 ) 1) = V2 (=)~ 5l )

In Figure 6.1, we show the s-t electrical flow 6 on G along with the corresponding potential
vector p. It is straightforward to verify that # and p satisfy Ohm’s Law, meaning p,, — p, =
% for each edge (u,v).

" We now consider the case where the vertex z € V has an additional alternative neigh-
bourhood. Let U, (x) = {|¢4.0), [¢2,1)}, where:

ea) = /3 (3150 b + 1)),

as visualised in Figure 6.2. According to Alternative Kirchhoff’s Law, the flow state |#2') of
any unit s-¢ flow 62" must also be orthogonal to |1, 1). Combined with the condition that
62" must be orthogonal to all star states, which is equivalent to the flow being conserved
at the vertices = and y, this constraint leaves us with a single option for #2'. The resulting
flow is shown in Figure 6.2, and the corresponding flow vector is given by

ealt
LY T (g0 + o))

| v/ Wau,v
\V 27?'27% (u,v)eﬁ ’

= = (’8,$> + ’.’E,S) + ‘x7y> + ‘y,$> + ‘.’Ij,t> + ’t?x> + ‘y?t> + ‘ta y>) .

1
V38

|ealt> _
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Since this #°'* is the only unit s-t flow that satisfies Alternative Kirchhoff’s Law, it is, by
definition, the s-t alternative electrical flow. To construct the corresponding alternative
potential vector p?"t, we start from the states defined in (6.9):

pRl) = 4ls, z),

pf) = —3[a, 5) + 2[2,y) + |, 1),
P55 = —ly, ) + |y ),

p%") = 0[t, y).

Note that constructing |pa't> is not strictly necessary, but is included for completeness. Each
|pa't> lies in span{W, (u )} The alternative potential vector p®"t (visualised in Figure 6.2)
satlsﬁes pat = R = 4 and p't = p3t = 0, as well as Alternative Ohm’s Law, ensuring
that for each (u,v) € E, we have paIt p2lt, = 62 /wy,. Thus, we have found the
alternative potential vector p?'* whose associated state |p't) satisfies IT 4t |p?'t) = |p?'t):

") = YD ()R pd MW |u, v)

uEV\{s} vel (u)
= —3!:1:, ) + 2|z, y) + |z, t) — |y, x) + |y, 1)

- _\/g <§|¢I> |¢a't>) +V2[ehy) + 0[¢hr).

6.2.5 The alternative incidence matrix

In this section, inspired by the connection between any electrical network G = (V, E, w)
and its incidence matrix B from Section 3.2.2, we extend this connection to the multidi-
mensional electrical network and its corresponding alternative incidence matrix B,;. We
will use this connection to prove the uniqueness of the s-t alternative flow 62" and the
existence of the alternative potential p2', which together satisfy Alternative Ohm’s Law.

What makes the s-¢ electrical flow 6 special, such that it satisfies Ohm’s Law? And why
does Ohm’s Law not necessarily hold for the s-¢ alternative flow? Although all flow states
lie in the symmetric subspace B+ by construction (see (3.29)), we saw in (3.43) that the
flow state |#) of the s-t electrical flow 6 can be written as

6) = (I — 1)

Z Puy/Wau| s (1)),

uEV
indicating that |0) actually resides in the symmetric star space of 1, which is a subspace of
Bt:
H™ :=span{(I — p)|s(u)) : u € V}.

For the rest of this section, we will abbreviate the normalised projection of any star state
|+ (u)) onto B+ as

[ ()t = V(T — ) thy () = ”wa’“’rw ).

Among all s-t flows, the s-t electrical flow is the unique unit flow for which the corre-
sponding flow state |) lies entirely in H* (see e.g., [LP16]). While we do not provide a
formal proof of this statement, the intuition is that any other s-¢ flow has higher energy,
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i.e. a higher norm, due to containing a component that is orthogonal to H ™*: a circulation.
The column space of the incidence matrix B is isomorphic to H*, where each column
indexed by u € V represents \/w, |1 (u)") through the isometry

V:CEl s BL, where V(u,v) = V(I — Tg)|u, 0) = — (Ju,0) + [v,0)).  (6.10)

1
V2
By introducing alternative neighbourhoods (see Definition 4.2.1), we effectively en-
large the space H/\*. We define

Valt = {(U,Z) eV x NZO 11 € [CLU — 1]0}

Instead of only considering the span of all |i4(u)") for u € V, we now consider the
span of all alternative neighbourhoods projected onto the symmetric subspace. For each
(u,i) € V" we define W:Z) :=V/2(I —11g)[¢,,;), leading to the expanded space

Htalt .= span{@i) cu € Vi€ [ay — 1o}

By modifying the incidence matrix B to ensure that its column space represents the en-
larged space H, 5 2t we obtain the alternative incidence matrix By

Definition 6.2.5 (Alternative incidence matrix). Let G be a netﬂork, and lﬁt W, be a col-
lection of alternative neighbourhoods. For each W, (u) € V., let {1, o), .- -, ¥y q,-1)} form

an orthonormal basis for U, (u). The alternative incidence matrix B, € C x et of Gisa

matrix whose rows are indexed by (u,v) € ﬁ, whose columns are indexed by (u,i) € V2",
and whose non-gero entries are given by

Balt(u,v),(u,i) -V Wu<uv 'U|@u,i>7 Balt(u,v),(v,j) = VWy <u7 v‘@v,ﬂ‘

By Definition 4.2.1, we may assume [t, o) = |1.(u)). Substituting B with By in
(3.2) and (3.4) allows us to recover both Alternative Kirchhoff’s Law and Alternative
Ohm’s Law, confirming that these are in fact natural definitions from the perspective of
the incidence matrix. Let us fix an ordering of the columns of B as s, (u1, 1), .. ., (u2,i2),t,
where (ul,il), (UQ,iz) € Vet and Ui, U2 € V\{S,t}.

Definition 6.2.6 (Alternative Kirchhoff’s Law (incidence matrix)). Let 2t be an alternative
unit s-t flow on an electrical network G = (V, E, w) with respect to a collection of alternative
neighbourhoods VU,. Let B, be the alternative incidence matrix of G. Then 6 satisfies:

Z’UEF (u1) \/v%\/ ul <u17 U‘wul 21>
BI.Wet = =|: | =e —e (6.11)

galt 0
Z’UEF (u2) \/\,%\/Tz<u2»v\¢u2 22> 1

Z’UEF( t) 03,|1t) ST

Recall from Definition 6.2.2 that the s-t alternative electrical flow is the flow that
minimises £(62"t) among all alternative unit s-¢ flows (if any such flow exists). By applying
the Moore-Penrose inverse of B,;, denoted BT (to avoid double superscripts), to (6.11),
we can prove the uniqueness of the s-t alternatlve electrical flow:

Theorem 6.2.7. Let 0°' be the s-t alternative electrical flow on a network G = (V, E,w),
and let B,y be the alternative incidence matrix of G. Then W62t is given by

W6t = Bl (e, — ). (6.12)

alt
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Recall the isometry V from (6.10). The column of B, indexed by (u,i) € V2" is
equal to V1 (‘/wumz Z->) implying that the column space of B, is equal to VI (HT2!t).
Furthermore, the column space of B,y is also equal to the column space of BJr due to the
properties of the Moore-Penrose inverse (see (2.2)). Given that the state |93't) is related

to the vector W6 via  /R2%[62*) = V (W), it follows that [¢2") is an element of H I,

Thus, there exist coefficients p?'t ) such that:

ay—1
6°") = FZ > P VW) (6.13)
st ueV 1=0

The notation p?'t ;) suggests that these coefficients are related to the alternative potential

vector p?'t. This is indeed the case: by defining the potential vector p®' as

( 1 Ay ay—1

Pt = e > PR VW, v, ). (6.14)
vWue 55

we ensure that the state |p®") satisfies [p2't) € A2":

[ Ay,p -l
LRV =2 DD DN Gl AV
RS ueV\{s} vel(v)

ay—1

= Z SN Bt (vl ) ) 6.15)

ueV\{s} vel'(u) i=0

a,—1

=1/ 7t Do D Pl VWt

R ueV\{s} =0

Note that for any vertex u € V, if u does not have any additional alternative neighbour-
hoods (this is particularly true for s,¢ € V), then by (6.14), we have that p3, = p"(’It 0) for
any neighbor v € I'(u).

alt

Due to the coefficients Plu,i)> We can view the alternative potential vector p2't

as a

vector in CV™", with entries p?'t ) for the row indexed by (u,i) € V2", By substituting B

with B,y in (3.4) and using (6.14), we recover Alternative Ohm’s Law:

Definition 6.2.8 (Alternative Ohm’s Law (incidence matrix)). Let #2' be any alternative
unit s-t flow on an electrical network G = (V, E, w) with respect to a collection of alternative
neighbourhoods V.. Let B, be the alternative incidence matrix of G. Then the alternative
potential vector p*'* is an alternative potential vector such that T1 4. |p®') = [p?'t), p2!t = Ralt

s,
p3't = 0 and
alt alt Ouy 0y
V WU17'01 (pul,vl - pvl,ul) VWuyp,vg
Baip™t = : = | =wer (6.16)
aIt alt Ouo v
V Wug,vp (pug vo pvg u2) 7\/\/\/2’72
ug,v

Just like with the potential vector p, we may assume that the alternative potential
vector p"* satisfying Alternative Ohm’s Law also satisfies p3'* = R3" and p3'* = 0.

Theorem 6.2.9. Let 62t be the s-t alternative electrical flow on an electrical network G =
(V, E,w) with respect to a collection of alternative neighbourhoods V,. Let B, be the alter-
native incidence matrix of G. Then there exists an alternative potential vector p?'® satisfying
Alternative Ohm’s Law.
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Proof. Recall from Lemma 3.2.12 that B has ), e, in its kernel. It is therefore straight-
forward to see that ), _ e, o lives in the kernel of B,;. This allows us to apply the same
trick as in (3.5), meaning we remove the last column of B,; and last row of p®" to obtain
Bar and p2't, forcing p2't = 0 for the solution satisfying (6.16):

alt Palt Balt ” 6a|t
p _ _ . 6.17

By left-multiplying both sides of (6.12) with (WHa't)T we obtain together with (6.16) that

2 T
Rg!; _ HWQaIt _ (W@alt) B;LI-":_( — o) = palt

(es — &) = p2t — p2t = p2*.  (6.18)
0

Due to Theorem 6.2.9 and (6.8), we may now apply Lemma 3.3.11 with the param-
eters |¢) = V2(I — IIp)|¢u(s0)) , [w) = 2]6%) and |[w3t) = %|pa't’> (see (3.28),
(3.34) and (6.7), respectively), proving the generalisation of Corollary 3.4.2 to alterna-
tive neighbourhoods. Here we generalise the notion of escape time ET, from (3.42) using
the decomposition of our alternative potential vector from (6.15):

ay—1
| |
ET = Ralt Z > (o ) Wa, (6.19)

st ueV(G) =0
such that we can bound the norm of |p?'¥):
ay—1

al al
H‘p ! _Ralt Z Z( : )
St uev(a

au—l

Ra't Z 2 ( t 0) wy + R3wo = ETS + 1.

StuEV 1=0

Theorem 6.2.10. Fix a network G = (V, E,w) as in Definition 3.2.1 with vertices s,t € V
and let W, be a collection of alternative neighbourhoods on G. Let U saxz be the quantum
walk operator with respect to W, as defined in (4.1). Let 6 be the s-t electrical flow on
G with corresponding flow state |0®") as defined in (6.2). If 6 exists, then by performing

T = (1772 /16v/2¢?)/ET2" 1 1 steps of phase estimation on the initial state |1y) as defined
in (3.28) with the operator U 4, the phase estimation algorithm outputs “0” with bounded
error, leaving a state |0) satisfying

> @@ - 10| < e

6.2.6 Example graph

We now demonstrate how these results apply to the example from Figure 6.2, which we
have restated here in Figure 6.3. We consider the case where the vertex x € V' contains
an additional alternative neighbourhood: let ¥, (z) = {|v,), [¢2'%)}, where

029 =2 (3o — e + 31e0))

Vi) = B 5 o)+ ) = VB ) + 1),

By using
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Y Y Y
1 1
2,/ \2 4 2 / X
° 1 2 ° ® 4 2 ° 3 0
s T t s T t s T t
62", for each (u,v) € E p2, for each (u,v) € E p2ft, for each (v, u) € E

Figure 6.3: Graph G where the coloured vertex = has an additional alternative neigh-
bourhood. The s-t alternative electrical flow 62"t with respect to this extra alternative
neighbourhood is displayed, as well as the corresponding alternative potential vector p2't.

we find that {|1);0) = |¢z), [tz,1)} forms an orthonormal basis for ¥, (x). For this basis,
the alternative incidence matrix B,;; of G and ¥,, along with its Moore-Penrose inverse
Bt is given by

alt»

AN
o
|

|
Wl
=
|
NI= DN =
|
NI NI R

13 -
Wi o0 -
0

Bk = (6.20)

D=
w,
+
|
O NI NI R
O NI= N
W=
=
\

|
Wl
B
[a—
|
—

o o O
O N N

N[—= D=

D[

We can now recover the electrical flow #2't with respect to ¥,, as shown in Figure 6.3,
using Theorem 6.2.7 to derive

[0 ] CE T R e ]
V/Ws,xz 4 4 4 4 0

63", 11 1/3 _1 1

- s = —zV3 -5 —= 1

Weah‘, — \/e\/Zlf,y — Bil‘t(es _ et) — 2 2 3 2 2 0 —_

it 11 1/3 1 1 1
VWz,t 2 2 3 2 2 0

ealft 1
| A 0 0 —3vV3 1 -1 . 1)

Thus, Rg'}; =1+1+1+1=4. Using (6.17), the matrix B, and its Moore-Penrose inverse
-+
B, are:

1 -1 0 0] P 1 1]
o 1 -13 -1 . 0 1 1 1
B = 22 2, Ba = . (6.21)
01 M 0 0 ~13 V3 —1v3
0o 0 0 3 0 0 0 2|

The alternative potential at each alternative neighbourhood is then given by
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1 1 1 1 [l [ a4 ]
o 0 1 1 1 1 3
alt palt Ba|t WH: t 1 1 1
p = = = 0 g\[ g\[ \[ 1 = —g\/g
0 0
0 0 0 2 | |1 2
i 0 | [ o

(6.22)
This confirms that p;(’Lt 0 = = p3t = R2" = 4, and the resulting potential state |p®") is equal
to

aqy—1

2
|pa|t> = Ralt Z Z p?LtZ qu|w(u,z)>

tueV(@)\{s} =0

) . (6.23)

- _3‘$73> + 2‘$7y> + ‘$7t> - ]y,w> + ’yat>'

6.3 Electrical flow sampling on one-dimensional random hier-
archical graphs

Recently, [BLH23] have shown that there is an exponential separation between quantum
and classical algorithms in finding a marked vertex in one-dimensional random hierarchi-
cal graphs, which is a generalisation of the result of the welded trees problem [CCD " 03].
In this section, we show that for one-dimensional random hierarchical graphs, we can
efficiently generate a set of alternative neighbourhoods ¥, such that the resulting s-¢ al-
ternative electrical flow matches the s-t electrical flow, meaning it satisfies Ohm’s Law. We
then invoke Theorem 6.2.10, allowing us to efficiently approximate the s-t electrical flow
and sample from it to find a marked vertex, recovering some of the results from [BL.H23].

6.3.1 One-dimensional random hierarchical graphs

Following [BLH23], we now define the one-dimensional random hierarchical graph model
with nodes Sy, ..., S,.

Definition 6.3.1 (Hierarchical graph on a line supergraph G). A hierarchical graph on a
line supergraph G = (V = [n]o, &) of length n is defined by a set of nodes S, for each v € V
and a set of edges E., . for each (u,v) € & such that s, = |Sy| and e(,,) = |Eyy|. There
are two special start and exit nodes Sy = {s} and S,, = {t}, meaning sop = s, = 1. Define
V= Uyev Sus E = Uy p)ee Bup and G = (V, E). For each (u,v) € E(G), the edge set Ey,
denotes the set of edges between the nodes between S,, and S,,.

Here, the term “one-dimensional” refers to the fact that the supergraph G forms a line.
In Section 6.3.4, we revisit the welded trees graph from Section 4.4, which serves as an
example of a one-dimensional random hierarchical graph. For additional examples, we
refer the reader to the original work in [BLH23]. We restrict our attention to a subclass
of the above definition such that the hierarchical graph exhibits enough symmetry for the
quantum algorithm to efficiently explore the graph:
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W1 W2 w3 Wy W5 We
[ 2 s 4 @ @ @ s 4 @
SO Sl SQ SS S4 S Sﬁ

ot

Figure 6.4: A line supergraph G with nodes Sy,...,Ss. The black nodes are subsets of
Veven, Where the edge directions are reversed and where all adjacent edges have the same
weight and direction.

Definition 6.3.2 (Balanced hierarchical graph). A hierarchical graph on a supergraph G is
said to be balanced if for every (u,v) € E(G), the number of edges connecting a fixed node
a € S, to nodes in S, is the same for each c.

Definition 6.3.3 (Edge-edge ratio). Consider a hierarchical graph on the line supergraph G
with nodes Sy, ..., Sy, where each node S; contains s, ..., s, vertices. Let e;, and &, denote
the number of edges and the set of edges between the nodes Sj,_1 and Sy, respectively. Then
the edge ratios ry, for k € [n — 1] are defined as

€k+1
(% '

T =

Definition 6.3.4 (Edge-vertex ratio). A hierarchical graph on the line supergraph G =

(V, E) with nodes Sy, . . ., S, possesses edge-vertex ratios k1, .. ., k, given by
Kj= 2. (6.24)
Sj

Lastly, we require that the above graph be D-regular. This ensures that the degree of
a vertex does not reveal any information about its position in the graph. Note that when
we refer to a graph as being D-regular, as is the case for the welded trees graph from
Section 4.4, we allow for the entrance and exit vertices to have a different degree. For the
rest of this section, we assume that the these vertices are of degree D — 1. For a D-regular
random balanced hierarchical graph on a line supergraph G = (V, E'), we have

e+ eir1 = e +rie; = KiS; + rikis; = Dsy, /iz'(l + ’I”Z') =D. (6.25)

Let £ = O(n) be an integer such that 2¢ >> |V|, where |V| is the number of vertices in
the one-dimensional random hierarchical graph G. This imposes the restriction that |V/|
can be at most exponential in n. To each vertex in V/, we assign a random name from
the set {0,1}*. To access the neighbours of a particular vertex, we are given quantum
access to an adjacency list oracle O for the graph G. Given an /-bit string o € {0,1}*
corresponding to a vertex u € V, the adjacency list oracle O provides the bit strings of
the neighbouring vertices in I'(u). If o does not correspond to any vertex, which will often
be the case since 2¢ > |V/|, the oracle instead returns L. This oracle structure effectively
forces any algorithm to start at s and traverse the graph G from there, as it is infeasible to
try and guess the name of any other vertex in V.

Problem 6.3.5 (One-dimensional random hierarchical graph problem). We are given an
adjacency list oracle O to the one-dimensional random hierarchical graph G (a D-regular
graph) on the line supergraph of length n, and the possibility to check whether any vertex u
is equal to t. Given the (-bit string associated with the starting vertex s € {0, 1}, the goal is
to output the (-bit string corresponding to the other root t.

6.3.2 The electrical network

Before we can use Theorem 6.2.10 to tackle this problem, we must turn G into an electrical
network (see Definition 3.2.2), meaning we need to assign a weight and direction to each
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of its edges. We assign all edges in F) = U(u vee, Puw the same weight for k € [n], and
the weight wy changes every two layers (starting at wy). Without loss of generality, we
assume that n is an even number and set w; = 1 and

Lk/2] 1 2
we= [ < ) | (6.26)

T9o;—
im1 2i—1

For each vertex u € S; where i € [n — 1], we find that

W, = Z Wy = KiW; + (D — Ki)wiy1.
vel(u)

We define the set of directed edges as follows:

E = U {(u,v) :u € Sk_1,v € S} U U {(u,v) : v € Sg_1,u € Si}.
k mod 4€{1,2} k mod 4€{0,3}
(6.27)
See Figure 6.4 for an example of a line supergraph where this edge orientation and weight
assignments are visualised. By viewing G as an electrical network, it is straightforward to
compute the effective resistance R via the resistance laws for electrical circuits in series
and parallel [Sie86]. As a result, we find for the weight assignment from (6.26) that

n

Ret =) = (6.28)

eLWy
1 CkWk

We can verify this by noting that this effective resistance is obtained via the natural choice
of flow 6 that, for each vertex u in the node S; for i € [n — 1], comes in from the parent
in node S;_; and then distributes this flow evenly along all of each children in node S; .
That is,
Vk € [n|,e € By, 0. := elk' (6.29)

Recall that we defined the weights in (6.26) and the edge directions in (6.27) in an
alternating fashion. This induces a partition of V' into Veven = Uyecpu is even Sv @and Voad =
Uvevivis oaa Sv- Recall from Section 4.4.8 that we can assume without loss of generality
that we know for any u € V whether it belongs to Viyen 0Or Voqq by keeping track of the
parity of the distance from s, which is initially 0 and flips every time the algorithm takes
a step.

At each vertex in Ve, the edge directions are reversed and all adjacent edges have
the same weight (see Figure 6.4). It is therefore straightforward to generate the star state
|1« (v)) for each v € Veyen \ {s, t}, since:

WJ*('U» = (‘U7u1> +ot ‘U’UD»' (6.30)

1
D
So even though we don’t know which supernode v is in, nor which of it neighbours are
in S;_; or S;.1, we can always generate (6.30) up to a sign difference, which poses no
problem if we wish to reflect around its span. To avoid possible confusion, we emphasise
that in Section 4.4 this was the case for V,qq, due to a slightly different weight and edge
direction assignment.

On the other hand, for each u € Vy4q \ {t}, the situation is more complicated. Let k
such that v € Si and let vy,..., vy € I'(u) N Sk_1 be the neighbours of u that lay in the
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node Sj;_; and similarly let vy 1,...,vp € I'(u) N Sk41 be the neighbours of « that lay in
the node S|, where { = %, which is in fact an integer. Then
¢ D
[e(w)) oc £ —eppafu,vi) + D exlu,vi). (6.31)
i=1 i=l+1

Although we can learn all the neighbours of u with a single query, we can’t distinguish
which neighbours are in S;_; or S;;1 and it is hence computationally infeasible to generate
(6.31). This problem can be circumvented using the alternative neighbourhood technique
(see Definition 4.2.1) and since one-dimensional random hierarchical graphs generalise
the welded trees graph, it should come as no surprise that we will use a collection of
alternative neighbourhoods that generalises the one used in Claim 4.4.4 to traverse the
welded trees graph:

Definition 6.3.6 (Alternative Fourier Neighbourhood). For any positive integer D, let wp =
exp(2mi/ D) be the D-th root of unity. For a vertex u € V(G) with neighbours v; < --- < vp,
define for j € [D — 1]o:

. 1 =
| (u)) == 75 > wiu, viga).
=0

Then these vectors form an orthonormal set and they can be used to define the alternative
Fourier neighbourhood of dimension D of the vertex u:

W2 () = {[d0) - 007}

For any u € Vyqq\{t}, we let the set of alternative neighbourhoods be the alternative
Fourier neighbourhood W, (u) = WD (u). It is straightforward to verify that |+, (u)) €
span{¥P (u)} for any u € Vyqq\{t}, due to (6.25) that

(W0)the(w)) x —€ - eps1+ (D — ex = D - e — Le + eny1) = D(ex — £ - s) = 0.

This means that for every v € V,qq\{t}, generating ¥, (u) does not depend on u (apart
from making the query to obtain its neighbours) and it will allow us to efficiently imple-
ment the quantum walk operator U 4.z, which we prove in Lemma 6.3.8.

Before we do this however, we first finish showing that we can apply Theorem 6.2.10 to
this electrical network. On these one-dimensional random hierarchical graphs, it turns out
that the s-t electrical flow (see (6.29)) actually matches the alternative s-¢ electrical flow
with respect to our alternative neighbourhoods. We verify this via the following lemma:

Claim 6.3.7. For any u € V(G), define |0,) = (|u){u| ® I)|0). If u € Veyen, then |0,)
[90(w)). If u € Voqa, then |0,) o > ver(u) Puw|t, v). As a consequence, for every u € V and
|ths) € W, (u) the state |6,,) satisfies (14|6,) = 0.

Proof. By (3.29) we obtain that

= T jv%uu,wﬂv,u»

. X (6.32)
— _ Au,v
= X DM () + )

meaning that for any v € V(G) the state |6,,) is equal to

1 Qu,v
10.) = > —o|uv).
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Let k such that u € Si and let vq,...,vy € I'(u) N Si_1 be the neighbours of « that lay in
the node Sj_; and similarly let vy, 1,...,vp € I'(u) N Sk+1 be the neighbours of « that lay
in the node Sy 1, where ¢ = %, which is in fact an integer. This means by (6.29) that
Ouw, = (—1)2uvi ey, fori € [(] and 0,,.,, = (—1)2wvi Jegy for i € [D]\[(]. If u € Veyen, then

the weights (see (6.26)) satisfy
Wit ek 1
Vowe e i

1 1
€LV Wk B Ck+14/WEk+1 '
Ao,

Additionally, since u € Viyen, it holds that (—1)2wvi(—1)=*% = —1 for any i € [{] and
j € [D]\[¢], meaning |,) o [¢°(x)). Since for u € Veyen we defined W, (u) to be the
alternative Fourier neighbourhood (see Definition 6.3.6) and the Fourier basis states form
an orthonormal basis, it follows that (1, |6,,) o (1h,[0°(w)) = 0.

Now if instead u € V,qq, then we know that w; = w;; and (—1)A“’Ui(—1)A“’“J‘ =1
forany i € [¢] and j € [D]\[f]. So |6u) o< > ery) Ouplu,v). Since for u € Voaa we
defined W, (u) = {|¢,(u)) = [¢°(u))}, it follows by the conservation of the flow ¢ that
(Uu(u)|bu) = > per) Oup = 0. 0

meaning

We can therefore apply Theorem 6.2.10, but to analyse the resulting complexity we
still need to compute the cost of implementing the quantum walk operator. We do this via
the following lemma, which is essentially similar to Lemma 4.4.5, but it tackles the more
general case where every vertex (except s and t) is of degree D:

Lemma 6.3.8. The quantum walk operator U a5 as defined in (4.1) can be implemented in
O(1) queries to O and O(nD) elementary operations.

Proof. Let
H' = span{|j)|u,v) : j € [D—1]o,u € V(G),v € T'(u) U{L}},

so in particular |0) ® H C H'. Here H is as in (6.1), meaning we once again consider the
modified graph G’ where s is connected to s with an edge of weight ,/wy and we have to
reflect around the star state of s with respect to G'.

We first describe how to implement 2IT4 — I. We describe a unitary U, on H’, and
in particular, its behaviour on states of the form |j)|u, L), where j = 0 whenever u €
Veven U{t}, and j € [D — 1] whenever u € V,qq \ {t}. We begin by querying the neighbours
of v in an auxiliary register, @, initialised to |0) using O¢:

Dl L)0)g = [5)|u, L)|vr,-..,vp)Q

where if u € {s,t}, v1 < -+ < wvp_1 and vp = L (which we can interpret as the extra
vertex so when u = s), and otherwise, since we assume u € V(G), v; < --- < vp are
the neighbours of w. We initialise an auxiliary register A, and compute a trit |a)4 for
a € {0,1,2} as follows, to determine what happens next. If vp # L, then a = 0. Else if
u=s,weleta=1. Else if v = L but u # s, so u = t, we let a = 2. Controlled on |0) 4,
apply QFTp to |j) to get

~ 1 . Y
)= () +whl2h+ -+ ID)),
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which requires O(log?(D)) elementary operations (see Definition 2.2.1). Then, still con-
ditioned on |0) 4, swap the first and third registers, so now the first register contains | L),
and then perform | L) — |0) on the first register to obtain

10} |w) )]0} |1, - -, vD)@|0) a-

A~

Then, conditioned on the value in the |j) register, we can copy over the first, second or
third value in the vy, ..., vp) register to get

1 j D—1)j
5100 (IDles) + whi2lea) + -+ i D)lop) ) o, - v0)l0) .
This requires O(nD) basic operations, since ¢/ = ©(n). We can uncompute the value |i) in
|i)|v;) by referring to the last register to learn v;’s position, and then we are left with:

0} (w)or, -, vp)@|0).a.

Next, we control on |1) 4, meaning u = s. In that case, we assume that j = 0. Using
v1,...,vp, in the last register, we can map |.L) to a state proportional to

Volvo) + Varlor) + -+ Vrlop-1)

to get
0} (s))vr, -+, vp)gl1) a-
Lastly, we control on |2) 4, meaning v = t. Using v1,...,Vp_1, we map | L) to a state
proportional to:
[v1) + -+ + |vp-1)

to get
G/
0}y () w1, -+ s vD)Ql2) a-
We can uncompute the register A, since the registers containing u, and vq,...,vp
haven’t changed. Since the register containing u has not changed, we can uncompute
the register |vq,--- ,vp)¢g using another call to Og. Then we have performed a map, U,

that acts, for j = 0 when u € Veyen U {t} and j € [D — 1] when u € Viaq \ {t}, as
|7)[u, L) = [0)]2? (u)), where, using (6.30), for all u € Veyen U {t},

span{[¢°(u))} = span{[v: (u))} = span{W, (u)}

and using Definition 6.3.6 for all u € Vyqq \ {¢}:

span [ (1)), ., [P~ ()} = span{¥P (u)} = span{ ¥, (u)}.

Thus, U, maps the subspace
L :=span{|0,u, L) : u € (Veyen U{s}) \ {t}} U {|j,u, L) : uw € Voqa \ {t},j € [D — 1]}

of H' to |0) ® span{ WA} = A, and thus, 2IT4 — I = U, (2l — I) Uj.

We describe how to implement 211, — I. First, initialise four auxiliary flag qubits
|0) 7, |0) 7, |0) £, |0) , . For a computational basis state |j)|u,v) of H’, by assumption (which
is removed at the end of this section) we can efficiently check whether u is in V;qq or Veyen,
and we can check whether u = s or u = tM in O(n) cost. If u € Veyen U{s}\ {t}, we check
if the first register is 0, and if not, flip F} to get |1)p,. If u € Voqq \ {t}, we check if the
first register is 1 or 2, and if not, flip F; to get |1)p,. If the last register is not L, flip F3 to
get |1)p,. Lastly if u € {t} U {so}, flip Iy to get |1),. Reflect if any flag is set, and then
uncompute all flags. This can all be done in O(n) basic operations.
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Next, we describe how to implement 211z — I. We describe a unitary Us on #H’, and
in particular, its behaviour on states of the form |1)|u,v) for (u,v) € E(G’) with u < v.
First, apply a Hadamard gate to the first register, and then, controlled on its value, swap
the second two registers to get

(10)u, v) — [1)]v, u)) /v2.

We can uncompute the first register by adding in a bit indicating if the last two registers
are in sorted order, to get

(o) — oy < 4 PO} o) € E@
Span{\0>@1}7u>} if (U;U) S ﬁ( !

10)

Sl

Thus Us maps
L' := span{|1)|u,v) : (u,v) € E(G'),u < v}

to span{|0)|¢,, ) : (u,v) € E(G’)} >~ B,and so 2IIg—1 = Us (21 — I) Ug. To implement
(2I1z — I), it is enough to check that the first register is 1, and « and v are in sorted
order (we know (u,v) € E(G’) by the structure of H’). This can be done in O(n) basic
operations. O

6.3.3 The algorithm

In this section, we provide a quantum algorithm that approximates the s-¢ electrical flow
state and samples from it to find the ending vertex ¢ € V in a one-dimensional random
hierarchical graph, to solve Problem 6.3.5. As an example of such a one-dimensional
random hierarchical graph, we then apply our algorithm to the welded trees graph from
Section 4.4 to solve Problem 4.4.1.

Algorithm 1 Solving the one-dimensional random hierarchical graph problem

Require: One-dimensional random hierarchical graph G = (V, E') with adjacency list ora-
cle Og, the ¢-bit string corresponding to the starting vertex s € V, a success probability
parameter §.

Ensure: The ¢-bit string corresponding to the ending vertex t € V.

1. Seti=1and T} = ©(RsDwy,).

2. Run phase estimation on the quantum walk operator U 4.z and state [¢g) =
% (|s0,8) + |s, s0)) to precision O(\/e%), where € = 5z, and measure the
phase register. If the output is “0”, return the resulting state @

3. Measure |6) to obtain an outcome |u, v), representing the edge (u,v) € E. Check

if u or v is equal to ¢ and if this is the case, return the ¢-bit string corresponding to
t. Otherwise, if © < 77, increment ¢ by 1 and return to Step 2.

Theorem 6.3.9. Let G be a D-regular one-dimensional random hierarchical graph on the
line supergraph of length n with edge ratios rq, ..., ,_1. Let w, = ,E"/IQJ (rzkl, )? and let
each vertex in G be identified by an (-bit string where ¢ = ©(n). Given access to an adjacency
list oracle Og to the graph G, there exists a quantum algorithm that solves Problem 6.3.5,

i.e. recovering the (-bit string associated with the root t, with bounded error using

O(VET RS, D*w}) queries, O(nv/ET, RS, D*W)) time.
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Proof. The proof consists of a cost and success probability analysis of Algorithm 1. By
Theorem 6.2.10, the phase estimation algorithm in Step 2 succeeds and returns an ap-
proximation of |#) with bounded error.

Suppose that we had a perfect copy of |6), then after measuring it we would obtain an
edge (u,v) € E containing the vertex ¢ with probability

1 0., 1

w RsiDwy,
s,t wel () u,t s,t n

Instead, we have access to a state |#), which by Theorem 6.2.10 satisfies
1~ 1
- — <e= —.
2 HWH' %) <9|H1 =7 2R, Dw,

Hence, by measuring |0), we obtain an edge (u,v) € E that contains the vertex ¢ with
probability at least © (W) The probability that at least one out of the at most

Ty = O(Rs+Dw,,) repetitions succeeds in returning the vertex ¢ is therefore constant.
For the cost of Step 2, we require

VET"
10) = O(VET,R?,D*w2)

€2

calls to U 4ar 3, since the s-t electrical flow matches the alternative s-t electrical flow, mean-
ing ET2"* = ET,. By Lemma 6.3.8, each such call has a cost of O(1) queries and O(nD)
elementary operations. Since we can set up the initial state |¢y) in O(¢) = O(n) elemen-
tary operations (and no queries) and we run at most 7; = O(R,+Dw,,) iterations of phase
estimation, we find that the total contribution of Step 2 to the cost is

O(v/ ETSR‘;”tD?’wi) queries, O(ny/ ETsRivtD‘Lw%) time.

For the cost of Step 3, we must only verify whether u or v is equal to ¢, which can
be done in zero queries and O(¢) = O(n) elementary operations. So the cost of Step 2
dominates the total cost of the algorithm. O

6.3.4 Welded trees

As an example of a one-dimensional hierarchical graph, we apply Theorem 6.3.9 to the
welded trees. This shows how sampling from the electrical flow can recover the expo-
nential speedup from Theorem 4.4.2. Our parameterisation will be slightly different com-
pared to Section 4.4 since we view the welded trees as a one-dimensional hierarchical
graph of length n. This means that the graph consists of two full binary trees of depth
h and contains 2"+2 — 2 vertices. The leaves of both trees are connected via two disjoint
perfect matchings, resulting in a one-dimensional random hierarchical graph on the line
supergraph of length n = 2h + 1. For each k € [2h + 1], every node Sy contains

ok if k € [h]o

S =
22hH1=k if ke {h+1,...,2h+ 1},

vertices, meaning that its edge ratios are equal to

\V]

if k €[]
ifke{h+1,...,2h+1}.

rE =

D=
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Figure 6.5: The welded trees graph with depth h = 3: the black vertices are the vertices in
Veven, Where the edge directions are reversed and where all adjacent edges have the same
weight and direction.

Since V = 2"*2 — 2, we find that ¢ = 2h satisfies 2° > |V/|, meaning each vertex is
assigned a 2h-bit string as an identifier. Before we apply Theorem 6.3.9 to the welded trees
graph, we first obtain a little more insight about its weights wy. The weight assignment
and edge directions are slightly different from Section 4.4, as we will apply the ones from
(6.26) and (6.27) and we assume without loss of generality that & is odd:

9—2Lk/2] if k€ [h+1]
Wi, = (6.33)
9—2(h+1-[k/2]) ifk e {h+2,...,2h+ 1}.

This is visualised in Figure 6.5.

Corollary 6.3.10. Given an adjacency list oracle O to the welded trees graph G, there exists
a quantum algorithm that solves Problem 4.4.1 with bounded error and cost

O (n*) queries, O (n') time.

Proof. The proof follows by bounding the quantities R, ;, D, w, and ET in Theorem 6.3.9.
From (6.33), we see that w,, = 1/4. Additionally, the effective resistance from (6.28) can
be computed to find that R, ; = ©(n). Since D = 3 and p, = R, is the largest potential
value, we only need to bound ET using (3.42):

ET, = Rl > pawy = 0(n?). O

5t k=0 uesy,

The result of Corollary 6.3.10 is worse than our previous result from Theorem 4.4.2,
since by approximating the electrical flow, we infer much more information than is actually
needed to recover the bit string associated with ¢, but it exemplifies how sampling from
the electrical flow can provide an exponential speedup.
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6.4 An exponential speedup for pathfinding

In this section, we show that the electrical flow in a multidimensional electrical net-
work can also be used to demonstrate an exponential quantum-classical separation for the
pathfinding problem relative to an oracle. We achieve this by constructing and sampling
from the s-t alternative electrical flow that we defined in Definition 6.2.2, which is the
flow achieving minimal energy out of all unit s-t flows satisfying Alternative Kirchhoff’s
Law. We show that this flow also satisfies Alternative Ohm’s Law by explicitly constructing
the alternative potential p?'"t. Throughout this section, we assume that the parameter n is
odd for readability, though the results can be slightly modified to also hold for even n.

We construct a family of regular graphs, which we name welded trees circuit graphs
(see Figure 6.6), that have exponentially many vertices in n. Our framework allows us to
approximate the alternative s- electrical flow state |§2"*) in polynomial time for these types
of graphs. We then show that the overlap between each edge of an explicit s-¢ path and
the s-t alternative electrical flow is at least inverse polynomial. Therefore, by sampling
from a polynomial number of copies of |§2"t), we can obtain a polynomial-sized subgraph
that contains an s-¢ path. A classical algorithm such as Breadth First Search can then be
used to traverse the subgraph and output this s-t path.

We explicitly compute what the s-¢ alternative electrical flow looks like in the welded
trees circuit graph. Unlike the s-t alternative electrical flow generated in one-dimensional
unweighted random hierarchical networks, which matches the actual electrical flow in the
electrical network, the s-¢ alternative electrical flow in our pathfinding example is signifi-
cantly different from any "real” electrical flow.We shall see that the s-¢ alternative electri-
cal flow in the welded trees circuit graph essentially follows the s-¢ alternative electrical
flow in the simple example graph G, visualised in Figure 6.7. The additional alternative
neighbourhoods ensure that the s-¢ alternative electrical flow splits evenly at the coloured
vertices, which employ alternative Fourier neighbourhoods. This is a direct consequence
of Alternative Kirchhoff’s Law. Although multiple such s-t flows exist, the s-¢ alternative
electrical flow is the one that minimises the energy among all possible flows.

6.4.1 Example graph G}

Since the welded trees circuit graph that we will try to find an s-¢ path for is quite large, we
start by analysing the s-t alternative flow and alternative potential for smaller graphs that
will form the building blocks for the larger graph. We begin with a network G; = (V, E, w),
whose vertex set is given by V' = {s,v1,...,vs,t}. We have visualised GG, with its directed
edge set and weights in Figure 6.7. These directions and weights give rise to the star states
|« (u)) for each uw € V, but we will also consider the following additional alternative
neighbourhoods for the vertices vo, v3,v3 € V:

—alt 2 1 1

520 =[5 (~loava) + 3lezs) + Jlonen) )

—al 2 /1 1

|¢23t) = \/g <2|v3,v1> — |vs,ve) + 2|v3,v7>> : (6.34)

—alt 2 /(1 1
|17Z}U8> = \/; (2|U87t> - ‘U87U5> + 2|'087'06>> .

These alternative neighbourhoods are the same as those used for the welded trees graph in
Section 4.4, ensuring that for u € {ve,vs,vs}, we have U, (u) = \f/f(u), i.e. the alternative
Fourier neighbourhood of dimension 3 (see Definition 6.3.6).

Any s-t alternative unit flow #2'* must be conserved at every vertex and satisfy 02!51

02" = y for some x,y € [0,1] such that = +y = 1. For #°" to also satisfy Alternative

5,V2

:x’
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Figure 6.6: The welded trees circuit graph. Each Wy, Wy, W35 represents a welded trees
graph of depth n.

Kirchhoff’s Law (see Definition 6.2.1), the flow coming into any vertex vy, vs, vs through
the edge with the highest weight must be evenly distributed along the other two neigh-
bours. This is visualised in Figure 6.7, and we end up with a single parameter x (because
y = 1 — z) that parametrises all possible s-t alternative unit flows #"* on G. The energy
of each such 62 can be explicitly calculated as £(62") = 532 4 42% + 3, and the energy is
minimised for x = 5/9, resulting in the alternative effective resistance Rg'g =47/9.

We now explicitly construct the alternative potential p®'t corresponding to this s-t al-
ternative electrical flow, satisfying p3t = pat = R = 47/9, pt = 0, and Alter-

native Ohm’s Law (see Definition 6.2.4). We do this by constructing the states |pa't>
span{¥,(u)} from (6.9):

) = ﬂ|s w)+ 5 b va), ) = = hons) + o lons )

BP) = ez, s) o+ g toa, o)+ lon, ), 1B} = =3l ) + v, 1) + s, ),
pe,) = |” u) + v, 1), Pu) = —2[vs, vs) — 2[vs, v7) — 2Jvs, va),
1) = v, ) — [, 0a) = [, v3), ) =~ lor, ) + = for, ),

35 = —los, 1) + Olus, 1) + o, ), 38 = Ol ).
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Vg : (] 11 t
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Figure 6.7: The graph (G; with corresponding edge directions where the coloured vertices
have an additional alternative neighbour as defined in (6.34). For each directed edge
(u,v), the weights w,,, are denoted in black and the flow values 2" in red for any valid
unit s-t alternative flow are parametrised by z and y = 1 — .

It is straightforward to verify that these states indeed satisfy Alternative Ohm’s Law as well
as the equations p2't, = pi'f) , =47/9, pi"t = 0. It is also clear that \pfq'}) € span{W,(u)} for
every v without additional alternative neighbourhoods, i.e. for u € {s, vy, v4, vs, vg, v7,t},
since all outgoing edge potentials are the same. For u € {v9, v3,vg}, we can confirm that

|pfy) € span{¥.(u)} by calculating that all the amplitudes of |pf)*) sum to 0.

6.4.2 Example graph G,

The second example graph, Gy = (V, E,w), depicted in Figure 6.8, is constructed by
combining the graph GG; (see Figure 6.7) with three welded trees graphs, Wy, Wa, W3 (see
Figure 6.5). The ”starting” roots of these three welded trees graphs are wj, w4, and wg,
respectively. In the following section, we will use multiple instances of G5 to assemble the
final graph for our pathfinding example.

As seen in Section 6.3.4, the welded trees graph is an example of a one-dimensional
random hierarchical graph with nodes {Sy,...,S,}. We previously observed that the
weight assignments, edge directions, and alternative neighbourhoods in Section 6.3.4 re-
sulted in an s-¢ electrical flow that matched the s-t alternative electrical flow, as it also
satisfied Alternative Kirchhoff’s Law. This means that from the perspective of electrical
networks, each welded trees graph W; can be considered as an edge with resistance R;.
We will formalise this intuition shortly. The weights and directions of W; in G2 follow
those from Section 6.3.4, so R1 = R, where R is the effective resistance of a welded trees
graph of depth n (see (6.28)). For Wy and W3, the weights have been scaled down by a
factor of 1/4, and their edge directions are reversed (due to their respective roots being
wy and wg), resulting in Ry = Rz = 4R.

In G5, the motivation behind the alternative neighbourhoods, edge directions, and
weight assignments used in (G; becomes evident. Similar to the one-dimensional ran-
dom hierarchical graphs in Section 6.3, these assignments induce a partition of V' into
two sets: Veyven and Vy4q, as indicated by the coloured vertices in Figure 6.8. For each
vertex u € Veyen, all adjacent edges have uniform weight and direction, which makes it
straightforward to generate the star state |¢,(u)). For vertices u € Voqq \ {s,t}, we have
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l1he(u)) € W, (u) = U3(u). As in Section 6.3, we can assume without loss of generality that
we know whether any given u € V belongs to Veyen or Va4, by keeping track of the parity
of the distance from s, which starts at 0 and toggles each time the algorithm takes a step.

Since each welded trees graph effectively routes all incoming flow from one root to
the other, any s-t alternative unit flow on G5 behaves like an s-t alternative unit flow on
G1, with the addition that some flow passes through the welded trees graphs. From the
configurations in Figure 6.7 and Figure 6.8, it is clear that the energy of an s-t alternative
unit flow #2'* can be decomposed into the energy within G plus the energy associated
with these welded trees graphs. Therefore, the total energy is given by

alt 2 2 2 T\ 2 Y2 2 2
£(0°%) = 5y% + 422 + 3+ Ruy? + Ro (5) R (5) = (2+5R)y% + (4 + R)z? + 3.
The energy is minimised by setting = = 242X, which implies y = 1 — z = &% For
readability, we keep x in the expression for the alternative effective resistance, but we
simplify it using the fact that for these values of = and y, we have (2 + 5R)y = (4 + R)x:

R =2+5R)y¥’+ (4 +R)2*+3=(4+R)(2® +2y) +3= 4+ R)z +3.

Next, we explicitly construct the alternative potential p2' corresponding to this s-t
alternative electrical flow, ensuring that p2t, = p3t = R = (4 + R)z + 3, pit, =0,

and that it satisfies Alternative Ohm’s Law. We achieve this by constructing the states
\pf‘f) € span{¥,(u)} from (6.9). For simplicity, we will only show the edges that are
visible in Figure 6.8, meaning we will not explicitly write down the amplitudes and basis

states for edges inside the welded trees graphs:

[p) = (3+ 5y + 2Ry)|s,wi) + (3 + 4z + Ra)ls,va),  |pf,)

|s [w1

—(3+4y + 2Ry)|w1, s),

pfe,) = (3+ 4y + Ry)|wa, v1), pie) = —(1+ 2 + Ra)|ws, va),
‘PT£4> = (1 + 2)|wa, v3), !pfqllfs) = —(4+ 2y + 2Ry)|ws, v1),
PP ) = (44 2y)|w, va), P = 0, vs),

|Pﬂ|}t1> = —(3 + 3y + Ry)|vi,wa) + (2 + 2y + Ry)[v1, ws) + (1 + y)|v1,v3),

]pf&) = (14 2z + Rx)|ve, w3) + (2 + x)|va, v4) — (3 + 3z + Rx)|va, s),

IpRis) = —|v3,v5) — |vs, wa) — v, v1),

Ipfes) = —2[va, v5) — 2[va, v2) — 2[vs, w),

[Pfus) = —vs, t) + Olvs, vs)) + [vs, va).

It is straightforward to verify that these states indeed satisfy Alternative Ohm’s Law for

all edges outside the welded trees graphs, as well as the conditions p3, = p2t = R,
given that (2 4+ 5R)y = (4+ R)x and p't_ = 0. It is also evident that \pr‘z'tt> € span{ ¥, (u)}

for every u € {s,v3,v4,t}, since all edge potentials are consistent. For u € {v;,ve,v5}, we
confirm that [p?f) € span{¥,(u)} by calculating that all the amplitudes of |pf)) sum to 0.

For the edges in the welded trees graphs, we saw in Section 6.3.4 that the s-¢ alter-
native electrical flow through each welded trees graph satisfies Ohm’s Law. This implies
there exist potential values for all vertices (and thus edges), that are lower than the poten-
tial at the root where the flow enters, for each welded trees graph that satisfy Alternative

Ohm’s Law. These potentials are consistent with our potential p?'t because
1 alt alt 1 alt alt 1

It It _ _ _
(pfm,s - p3127v1)§ - (pws,vz - pw4,vs); - (pws,m - pw6,v4> Q =R.
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Figure 6.8: The graph G, with corresponding edge directions where the coloured vertices
are the vertices in Vyqq and have the alternative neighbourhoods W, (u) = U3(u) (see
Definition 6.3.6). Each diamond, indexed by i € [3] represents a welded trees graph of
depth n. For each directed edge (u,v), the weights w,, ,, are denoted in black and the flow
values Hg'fv in red for any valid unit s-¢ alternative flow parametrised by z and y = 1 — z.
The black vertices are the vertices in Viyen, where the edge directions are swapped and
where adjacent edges have the same weight and direction.

Recall from the proof of Corollary 6.3.10 that for a welded trees graph of depth n, we
have R = ©(n), which implies that Rg!}; = ©(n). For the alternative potential, since each

edge potential satisfies p2t = O(n), we find by (6.9) and (6.19) that:

u,v

ay—1

1 2 1
alt _ § : alt _ alt \2 _ 2
ETS - Ralt (p(uﬂ)> Wy = Ralt z : (puﬂ)) Wau,p = O(n )
St uev (@) i=0 St (uw)eE

We can now invoke Theorem 6.2.10 to approximate the state |#*"t). Since the energy
along the s-t path (s, v2), (v2,v4), (v4,v5), (vs,t) contains a constant fraction of the total
energy R?'g, we could sample from this state to recover an s-t path. However, since this
path is of constant length, any classical algorithm can also find this path by performing an

exhaustive search of its neighbours in constant time.

6.4.3 The welded trees circuit graph GG

The construction of the welded trees circuit graph G involves connecting n graphs that
are isomorphic to G2 (as defined in Section 3.2) sequentially, forming a path structure as
shown in Figure 6.10. Each layer in this construction includes three welded trees graphs
W1, Wa, W3, along with the following set of seven vertices:

Vi = {vpij 7 € [T}

The layers are connected such that for each i € [n — 1], the vertex v, ; 7 is identified with
Up,(i+1),2- The structure of the welded trees graphs is illustrated in Figure 6.9 for the case
j =1; for j € {2,3}, the edge directions are reversed. The weights and directions of the
edges in these welded trees graphs, as well as in the remaining edges, follow the same
pattern described for G5 in Figure 6.8.

The complete welded trees circuit graph G is shown in Figure 6.10. Due to this con-
struction, all vertices have degree 3, except for the vertices s = v,11 and t = vy 7.
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Figure 6.9: The 1st welded trees graph in the ith layer. For j € {2,3} the edge directions
are simply reversed. The black vertices are the vertices in Viyen, Where the edge directions
are reversed and where adjacent edges have the same weight and direction.

This setup induces the same partition of V into Viyen and Vypgq as in Gy (visualised by
coloured vertices in Figure 6.10). For each vertex u € Viyen, all adjacent edges have the
same weight and direction, allowing us to easily generate the star state |¢,(u)). For each
u € Voaa\{s,t}, we have |1, (u)) € Wy (u) = ¥3(u).

All these names v, . for referring to vertices are used purely for notation purposes
to define the graph clearly. As in Section 6.3, we assign a random name from the set
{0,1}3" to each vertex u € V. To access the neighbours of a particular vertex, we are
given quantum access to an adjacency list oracle O¢ for the graph G. Given a 3n-bit string
o € {0,1}3" corresponding to a vertex u € V, the adjacency list oracle O¢ provides the
bit strings of the neighbouring vertices in N'(u). If o does not correspond to any vertex,
which is usually the case since 23" >> |V|, the oracle returns 1.

Since the graph G consists of n identical subgraphs isomorphic to G, the analysis of
the flow and potential vectors directly follows from Section 6.4.2. Beginning with the
s-t alternative electrical flow 6, we can construct this flow by simply connecting n s-t
alternative electrical flows on each copy of G,. This results in an alternative effective
resistance Rg'; = O(n?). The alternative potential p'" can also be obtained directly by
combining all the alternative potentials from each copy of G, where we add ((4 + R)x +
3)(n—1) to each edge potential obtained from the copy of G5 in the i-th layer. This ensures
that for every i € [n — 1],

|p2:’i+1’1> = ((4 + R):B + 3)(77/ - i)|avp,i+111>7

implying ET2® = O(n*). We now consider the following problem on the graph G, for
which we present a quantum algorithm that can solve it exponentially faster than any
classical algorithm.

Problem 6.4.1 (The pathfinding problem on a welded trees circuit graph). Given an adja-
cency list oracle Og to the welded trees circuit graph G (as defined in Section 6.4.3) and the
name of the starting vertex s = 0", the goal is to output the names of the vertices on an s-t
path.
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Figure 6.10: The welded trees circuit graph G showing all edge directions and edge
weights. The coloured vertices are the vertices in V,4q and have the alternative neigh-
bourhoods W, (u) = ¥3(u) (see Definition 6.3.6). The black vertices are the vertices in
Veven, Where the edge directions are swapped and where adjacent edges have the same
weight and direction. Each diamond, indexed by j € [3] represents the j'th welded trees
graph in that layer. See Figure 6.9 for a detailed overview of the welded trees graph’s
structure.
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6.4.4 The algorithm

In this section, we provide a quantum algorithm that can find the s-¢ shortest path in the
welded trees circuit graph G, thereby solving Problem 6.4.1 in polynomial time.

Algorithm 2 Quantum algorithm for solving Problem 6.4.1

Require: Graph G as defined in Section 6.4.3, the starting vertex s = 0°", and a success
probability parameter § > 0.
Ensure: The labels of an s-¢ path on G.

1. Seti=1,S =0, and T3 = O(n?log(n)).

2. Run phase estimation on the quantum walk operator U 4.z and state [¢g) =

% (|s0,8) + |5, 80)) to precision O (;—22), where ¢ = O (), and measure the

phase register. If the output is ”0”, return the resulting state |).

3. Measure |f) to obtain an outcome |u,v), representing the edge (u,v) € E, and
add it to S. If i < Ty, increment ¢ by 1 and return to Step 2.

4. Use Breadth First Search to search through S for an s-t path and output the path
if found.

Theorem 6.4.2. Let the graph G be defined as in Section 6.4.3. Given an adjacency list
oracle Og for the graph G, there exists a quantum algorithm that solves Problem 6.4.1 with
success probability 1 — O(0) and a cost of

O (n'%log(n)log(n/5)) queries, O (n'!log(n)log(n/5)) time.

Proof. The proof involves analysing the cost and success probability of Algorithm 2, where
we focus on the probability that the algorithm outputs the shortest path

P = ((5, Up,l,?)? (Up,1,27 Up,1,3)’ (Up,1,3, Up,1,4)a ce (Up,n,4a t))-

By Theorem 6.2.10, the phase estimation algorithm in Step 2 succeeds and returns an
approximation of |#2'*) with bounded error.
Suppose we had a perfect copy of |#2't). Measuring it would yield an edge (u,v) € P

with probability at least
L1 (63 ( 1 >
min —— =) .

(u0)€P RAL Wy, n?

Instead, we have access to a state |#), which by Theorem 6.2.10 satisfies

3@ -6l <c=o ().

Hence, measuring @ yields an edge (u,v) € E containing the vertex ¢ with probability
at least 2 (n—g) The probability that one of the edges in P is not present in S after 7} =

©(n?log(n)) repetitions of Step 2 and Step 3 is therefore by the union bound at most:

1P| <1 _0 <;2>>T —0(1).

For the cost of Step 2, we require O (n*) calls to U 4arz. By Lemma 6.3.8, each such
call has a cost of O(1) queries and O(n) elementary operations. Since we can set up
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the initial state |¢9) in O(n) elementary operations (and no queries) and we run at most
Ty = O(n?log(n)) iterations of phase estimation, we find that the total contribution of
Step 2 to the cost is

O(n®log(n)) queries, O(n"log(n)) time.

For Step 4, performing a Breadth First Search to find any s-t path in the subgraph
defined by S requires O(T;) = O(n?log(n/§)) queries and basic operations. Thus, Step 2
dominates the overall cost. O

6.4.5 Classical lower bound

In this section, we demonstrate that our Algorithm 2 algorithm provides an exponential
speedup compared to any classical algorithm, under the assumption that the following
welded trees pathfinding problem is classically hard. To simplify the proof of our lower
bound for the pathfinding problem Problem 6.4.1, we use the following assumption and
the known classical lower bound for the welded trees problem.

Problem 6.4.3 (The welded trees pathfinding problem). Given an adjacency list oracle O¢
for the welded trees graph G and the names of the starting vertex s and the ending vertex t,
the objective is to output the names of the vertices along an s-t path.

It is generally accepted that the welded trees pathfinding problem is difficult for clas-
sical algorithms, although no formal statement of this fact is widely available.

Assumption 6.4.4. There exist constants ¢; > 0 and ¢ € (0,2) such that any classical
algorithm making at most 2"/ queries to the oracle O¢ for the welded trees graph G solves
Problem 6.4.3 with probability at most ¢y - 27",

Lemma 6.4.5 (Theorem 9 in [CCD " 03]). For the welded trees problem Problem 4.4.1, any
classical algorithm making at most 2""/% queries to the oracle O¢ finds the ending vertex or a
cycle with probability at most 4 - 27"/6,

We follow the proof of the lower bound presented in [1i23], which builds on the lower
bound proof from [CCD " 03]. To establish the lower bound, we analyse the difficulty for
any classical algorithm A to succeed in a simpler game:

Game A Let n be odd, and let G be the graph defined in Section 6.4.3. In Game A,
a classical algorithm A wins if it outputs the name of the vertex v, ,,41)/2,1, or if the
vertices visited by A contain a cycle. Following [CCD " 03], we include the cycle condition
to facilitate analysing the probability of A winning. This analysis involves determining
whether a random embedding of a rooted binary tree into the random graph G contains
either a cycle or the vertex v, (,41)/2,1-

Given the starting vertex s, the random embedding of a rooted binary tree T into the
graph G is defined as a function 7 from the vertices of T to the vertices of G, such that
m(ROOT) = s, and for any (u,v) € E(T'), m(u) and m(v) are neighbours in G. We say that
an embedding r is proper if 7(u) # w(v) for u # v. We say that T reaches its destination
under 7 if 7(v) = v}, (n41)/2,1- The random embedding can be generated as follows:

1. Set 7(ROOT) = s.

2. Let i and j be the two neighbours of ROOT in 7', and let v and v be the neighbours
of s in G. With probability 1/2, set (i) = u and 7(j) = v, otherwise set m(i) = v
and 7(j) = u.



3. For any vertex 7 in T, if i is not a leaf and 7 (i) & {s, v, (n+1)/2,1}, let j and k denote
the children of vertex i, and let £ denote its parent. Let u and v be the two neighbours
of 7(i) in G other than w(¢). With probability 1/2, set 7(j) = w and 7(k) = v,
otherwise set 7(j) = v and 7 (k) = u.

Theorem 6.4.6. Let G be the graph defined in Section 6.4.3. Given the constants ¢; and
co from Assumption 6.4.4, and assuming that this assumption holds, any classical algorithm

making at most 2"/6 queries to Og solves Problem 6.4.1 with probability at most (5 + c1) -
92— min{CQ,l/G}n‘

Proof. Let T be a random rooted binary tree with 2"/6 vertices, and let 7(T") denote its
image in the graph G under the random embedding 7. Given the starting vertex s, similar
to [CCD 03], the probability of A winning Game A can be expressed as the probability
that 7(7") contains either a cycle or the vertex v, (,41)/2,1-

Firstly, A must enter a welded trees subgraph to find a cycle, as illustrated in Fig-
ure 6.10. There are two possibilities for finding a cycle in a welded trees subgraph. One
is to find a cycle that includes only one root in one of the welded trees subgraphs. In
this case, Lemma 6.4.5 states that, starting from one root, any classical algorithm making
at most 2"/6 queries to the oracle finds the other root or a cycle with probability at most
4.277/6_ The other possibility is to find a cycle that includes two roots of a welded trees
subgraph. According to Assumption 6.4.4, any classical algorithm making at most 2"/
queries to the oracle finds such a cycle with probability at most ¢y - 272",

Now we assume that A does not encounter any cycles. Under this condition, the
probability that A finds the vertex v, (,41)/21 can be expressed as the probability that 7(7')
reaches v, (,11/2,1, which requires 7 to follow the correct path 2n times, with probability
2727 Given that there are at most 2/6 attempts along each path of 7', and there are at
most 2"/6 paths, the probability of finding v,, (,41)/2,1 is at most 27/3272" < 2757/3 by the
union bound. The same result applies if the given name is ¢. Thus, the probability of A
finding v, (5,41)/2,1 is at most 2 - 9-on/3,

Combining these cases with the union bound gives a probability of at most 2-5%/3 +
(4 4 ¢;) - 27 minde2, /6 < (5 4 ;) . 2~ min{e2,1/6}n for A winning Game A. Since solving
Problem 6.4.1 guarantees a win in Game A, the theorem follows. O



AN









CHAPTER 7

The compressed oracle is a worthy
adversary

Lower bounds zijn heel simpel, maar het
moeilijkste wat er is, zijn simpele lower
bounds.

Johan Cruyff

This chapter is based on the paper The Compressed Oracle is a Worthy Adversary [J7],
which is joint work with Stacey Jeffery and is currently in preparation.

While it is fascinating to explore what quantum computers are capable of, it is equally
important to study their limitations. One way to do this is by proving explicit lower
bounds on the quantum query complexity of computational problems. In this chapter we
study the compressed oracle technique [Zha19], which gives a framework to derive
quantum query lower bounds for problems where a quantum algorithm interacts with a
quantum oracle that accesses a random function. This framework was later

formalised [CFHIL.21] and has proven to be very useful and convenient to use. It was
unclear, however, how this frameworks compares with the more established lower bound
methods for quantum query complexity. In this chapter, we answer this question by
giving an explicit reduction to the multiplicative adversary method [Spa08]. To aid in
this reduction, we introduce a simplification of the multiplicative adversary method that
we call the multiplicative adversary ladder (MLA) method. This simplification is still
powerful enough to encompass the compressed oracle technique and exhibit a strong
direct product theorem. This could position the MLA method as a contender in the
current quest to generalise the compressed oracle technique beyond non-product
distributions. As further evidence of the potential of our MLA method, we demonstrate
that it captures a recent approach by [Ros21].
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7.1 Lower bounds and cryptography

Quantum query complexity lower bounds and the quantum security analysis of crypto-
graphic protocols are two sides of the same coin, since proving security against a quantum
adversary often requires upper-bounding the success probability of any quantum algo-
rithm to solve a specific quantum query problem, in terms of the number of queries made
by the adversary. The tools required for security proofs are generally stronger, since they
should apply even for average-case inputs, and since it is usually necessary to show that
the success probability with insufficient queries is much smaller than a constant, whereas
quantum query lower bounds are most commonly in the bounded error setting.

7.1.1 Adversary methods

On the side of quantum query lower bounds, we have the original adversary method
by [Amb00]. Applying this method reduces to mostly combinatorial arguments, which
makes it very convenient to use, as shown by its many applications [BS04, DHHMO6,
BS06, DT07]. However, this method does have some technical limitations, one of which is
the certificate complexity barrier [Zha05], which shows that there are problems for which
this method cannot be tight. This limitation is addressed by the strictly stronger negative-
weights adversary method [HL.S07]. This method is, in fact, tight for the bounded-error
regime for all quantum algorithms [Rei09], but this power comes at the cost of making it
more complicated to use, as it lacks the primarily combinatorial reasoning present in the
original adversary method. This means that even for very symmetric problems such as the
collision problem [AS04], it is highly non-trivial to come up with an explicit lower bound
resulting from the negative-weights adversary method, and the current construction relies
on studying the symmetries of the problem via representation theory [BR17]. Moreover,
the resulting lower bounds of the negative-weights adversary method are proportional to
the algorithm’s success probability, making them negligible for exponentially small success
probabilities.

The latest and most powerful iteration in adversary methods is the multiplicative ad-
versary method [Spa08], which is strictly stronger than the negative-weights adversary
method [AMRR11]. Since the latter is already tight in the bounded-error case, this gen-
eralisation is particularly relevant in the low success probability regime, where it works
even for exponentially small probabilities of success. This is a necessary condition for
the method to exhibit a strong direct product theorem (SDPT), which intuitively states
that to solve k independent instances of a function, one needs (k) more queries to
achieve better than an exponentially small (in k) probability of success. It was already
shown in [épa08] that the multiplicative adversary method satisfies a SDPT, which al-
lowed [LR13] to prove a SDPT for quantum query complexity. Just as the negative-weights
adversary method is more complex than the original adversary method, the multiplicative
adversary method is much more complicated and, as a result, has not yet been used to
provide novel quantum query lower bounds. This statement requires some nuance, how-
ever, as the multiplicative adversary method is a generalisation of an ad-hoc technique
proposed in [Amb10a, ASdW06] with the goal of showing a SDPT for symmetric Boolean
functions.

For completeness, we also mention another ubiquitous quantum query lower bound
technique, which predates the adversary bound: the polynomial method [BBC"01]. The
multiplicative adversary method also includes the polynomial method as a special case, as
shown in [MR15].
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7.1.2 Compressed oracle technique

For cryptographic security proofs, quantum query lower bounds make little sense in the
bounded-error regime. Ruling out adversaries that succeed with a high probability of suc-
cess (at least 2/3) is not enough, and it is necessary to rule out adversaries with very small
probabilities as well. Moreover, average-case complexity is more relevant than worst-case
complexity for this purpose: it is better to know that most cryptographic keys yield a se-
cure construction than that there exists a cryptographic key such that the construction
is secure. The compressed oracle technique [Zha19] does precisely this, as it yields an
upper bound on the probability of success for any quantum algorithm interacting with
a random oracle, giving an average-case complexity result that works even for exponen-
tially small probabilities of success. Moreover, its analysis works via mostly combinatorial
arguments, which makes it straightforward to apply and has quickly resulted in many
results [L.Z19a, CMSZ19, LZ19b, CFHL21, GHHM21, DFMS22]. It also satisfies a SDPT,
allowing for quantum time-space tradeoffs [HM23]. The downside of this technique, how-
ever, is that it does not work for oracles that are not instantiated with a random function,
or functions where each f(x) is assigned independently [CMSZ19, HM23]. This is not
only an issue for worst-case quantum query complexity but also rules out applications
involving certain interesting cryptographic primitives such as random permutations.

7.1.3 Comparison

Both the adversary methods and the compressed oracle technique operate by tracking
some progress that can only increase because each query establishes some amount of en-
tanglement between the algorithm and the input. Since the adversary and compressed
oracle techniques have different drawbacks that do not seem to exist in the other, it is
interesting to see what the explicit relationship between these techniques is. This could
aid in the ongoing search for a fusion of both techniques: a compressed oracle technique
that can be applied to input distributions where each f(x) is not necessarily assigned in-
dependently. On the cryptographic side, this could lead to quantum security proofs for
schemes using random permutations, such as the sponge construction [BDPVAO7]. On the
quantum query lower bounds side, this might result in a technique that marries the power
of the multiplicative adversary method—which works for all certificate complexities and
exhibits a SDPT — with the pleasant intuitive combinatorial reasoning of the compressed
oracle technique. Currently, the most promising result towards this “holy grail” has been
a representation theory approach by [Ros21] that allows for tackling the problem of in-
verting a random permutation. This approach has recently been improved by [MMW24],
where the algorithm has access to both a random permutation oracle and its inverse.

In this chapter, we demonstrate that a generalised compressed oracle technique — one
that accommodates distributions beyond random functions and permutations — must fall
somewhere between the compressed oracle technique and the multiplicative adversary
method. We explicitly show this by proving that the compressed oracle technique reduces
to the multiplicative adversary method. This implies that any lower bound obtained by
the compressed oracle technique can also be achieved through the multiplicative adversary
method. We achieve this by constructing a weaker version of the multiplicative adversary
method, which still satisfies a strong direct product theorem (SDPT) and remains more
powerful than the compressed oracle technique. We hope that this intermediate version
will aid in the search for an extended compressed oracle technique, as we show that it
incorporates the approach from [Ros21] as a special case.
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7.1.4 Quantum query complexity

In the quantum query model (see Section 2.2.5), we are generally interested in computing
a function F : Func — ¥ on an input f € Func. We consider the case where Func is a
subset of Y, so each f can itself also be viewed as a function from X to Y. For example,
if Y = {0,1} and X = [n], then f € Func is an n-bit string (which might have a promise
defined by the subset Func). In this chapter, we restrict ourselves to X being any finite set
of size N and consider Y to be the finite set [M — 1].

The memory of our quantum algorithm .4, tasked with computing F on an input f, is
described without loss of generality by the registers W, X, and ). Here, the input oracle
acts on X’ x ) (as detailed below), while W represents an additional workspace. The input
function f € Func can be accessed by .4 via an oracle, defined as follows:

Definition 7.1.1 (Oracle). Fix a finite set X of size N and let Y = [M — 1]o. An oracle Oy,
encoding the input function f € Func, is a unitary transformation that acts on

span{|z)x|y)y 1z € X,y € Y},

with its action on the basis state |z) x|y)y defined as

Oflz)xly)y = [7)x|(y + f(z)) mod M)y.

The input f is typically drawn from some (hard) input distribution ¢ over Func, de-
noted f ~ o. Consequently, Oy is a random variable. In adversary methods and the
compressed oracle technique, this randomness is avoided by introducing an additional
register Z, which stores a superposition of function tables representing the input f. In
quantum information theory, this is known as purification. If f ~ o, the register 7 will be

initialised as
o) = > VoNlf)z.

feyXx

Here, |o) represents the initial state of the input register. It is important to note that this
should not be confused with the initial state of the algorithm, which is the all-zero state. In
the adversary frameworks literature, the initial state of the input register is often denoted
by |d). This purification of the input leads to the following purified oracle:

Definition 7.1.2 (Purified Oracle). Fix a finite set X of size N and let Y = [M — 1]o. A
purified oracle O is a unitary transformation that acts on

span{|z)x|y)y|f)z:z € X,y €Y, f e Y},

with its action on the basis state |z) x|y)y|f)z defined as

Olz)xly)ylfiz = |2)x|(y + f(x)) mod M)y[f)z.

From the perspective of the algorithm, it is indistinguishable whether it interacts with
the random variable Oy or the purified oracle O with input register initialised to |o). The
relationship between the two is captured by the following expression:

0= > 0ra|f)flz
feyx

It is equivalent, and in this work more convenient, to encode the query into the phase by
viewing the ) register in the Fourier basis {|§)},cy (see Definition 2.2.1) instead of the
computational basis {|y)},cy. In this Fourier basis, the oracle from Definition 7.1.2 acts
on any basis state |z)x|9)y|f)z as

Olz) |9yl f)z = e 39 @) x|9)y| f)z.
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Additionally, it will often be convenient to decompose the oracle O into diagonal unitary
matrices O, , given by

O= > |a)alx @) (ily @ Ory, (7.1)
zeX,yeY

where each O, , acts on the basis state |f)7 as

Ouylf)z = eI f)1.
Definition 7.1.3 (7-Query Quantum Algorithm). Fix a set X of size N and let Y = [M —1]j.
A T-query quantum algorithm A on YX is a sequence of unitaries Uy, ..., Ur on

span{|lw)w|x)x|y)y :w e Wz € X,y € Y},

for some finite set W. For a fixed algorithm A and a fixed input distribution o, let

o)=Y VolHlf)z,

feyx

and let
‘%(.A, U)> = UtC’)Ut_l(Q . OU0‘0>WX);‘U>I

denote the state of the algorithm before the (t + 1)-th query is made, and let

Pr(A, o) = Tryway [ (A, 0)) (1A, 0)]]

denote the reduced state of the input register (see (2.5)), which we call the input register
states for A and |o). When A and |o) are clear from context, we will omit the (A, o)
notation.

In the definition of |¢+(A, ¢)), both the queries O and the unitaries Uy, ...,U; act on a
larger Hilbert space than originally defined, but recall from Section 2.2.1 that each oper-
ator is implicitly understood to act tensored with the identity operator on any unaffected
registers.

In this chapter, we compare two methods designed to lower bound the quantum query
complexity of a problem F:

Definition 7.1.4 (e-error Quantum Query Complexity). Fix F : Func — X. Then the
e-error quantum query complexity of F, denoted by Q1_(F), is the minimum number of
queries needed by any quantum query algorithm A to successfully output F( f) for every input
f € Func with success probability at least 1 — e.

7.2 The frameworks

In this section, we introduce the two lower bound frameworks that will be compared
throughout this chapter: the multiplicative adversary method and the compressed oracle
technique.

7.2.1 The multiplicative adversary method

The general idea behind the adversary methods is that any algorithm for F, run on a
superposition of different inputs |o) with different values of F, must entangle the al-
gorithm’s workspace WAX')Y (which must eventually contain the answer) with the input
register Z, resulting in the reduced density matrix on Z, which is initially the pure state
P%(A, o) = |o)(c|, becoming some mixed state pL (A, o).
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This idea was already present in the original quantum adversary method [Amb00],
which was later generalised to the stronger negative-weights adversary method [HLS07]
(now often called the adversary method), which is tight in the bounded-error regime,
i.e. ¢ < 1/3. We will be interested in the even more powerful multiplicative adversary
method, first formalised in [épa08] and further developed in [AMRR11]. We now describe
this method.

Definition 7.2.1 (Multiplicative Adversary Matrix). Fix F : Func — 3. A multiplicative
adversary matrix for problem F is a positive definite matrix IT' € CFunexFunc yith smallest
eigenvalue 1.

Any multiplicative adversary matrix gives rise to a progress measure, which is a way of
quantifying how much progress a quantum algorithm .4 has made after ¢ queries towards
solving a particular problem F.

Definition 7.2.2 (Progress). Fix a problem F : Func — ¥, and input distribution o sup-
ported on Func. Fix a multiplicative adversary matrix I' for F, as in Definition 7.2.1, with
1-eigenstate |o) and a T-query quantum algorithm A, as in Definition 7.1.3. Let p%(A, o) be
the input register states for A and input distribution o before the (t + 1)-th query is made.
The associated progress measure for t € [T']y is defined as

WHT, A) = Tr[[ph (A, 0)].

Theorem 7.2.3 quantifies in what way we can think of W(T', A) as a “progress mea-
sure.” After O queries, we have made no progress, which is indicated by W(TI', A) = 1
(Item 1). After T' queries, if we want to claim that the algorithm actually solves F with
probability 1 — ¢, then it must be the case that the progress W7 (I', A) has increased suf-
ficiently above 1 (Item 3). Item 2 bounds the amount of progress that can be made in a
single query.

Theorem 7.2.3 ([Spa08, AMRR11]). Fix a problem F : Func — X, an input distribution o
on Func, and a multiplicative adversary matrix I' for F with 1-eigenstate |o). Let A be a real
number with 1 < A < ||T'||. Let Apaq be the projector onto the eigenspaces of I' corresponding
to eigenvalues smaller than X and let < 1—e be a positive constant such that || F, Apaal|* < 7
for every z € ¥, where F, = > |f){(f]. Then:

f€Func:

F(f)==

1. For any quantum algorithm A, W°(I', A) = 1.

2. For any T-query quantum algorithm A, and t € [T — 1],

Wt+1<r A) 2
) < t p1/2 —1/2H '
W, A) —gg&?‘;éyH%F OcyT

3. For any T-query quantum algorithm A that solves F on input |o) with success proba-
bility at least 1 —e, WI(T, A) > 1+ (A= 1) (VT —e— 7)™

Corollary 7.2.4. For any n that satisfies the constraints of Theorem 7.2.3, ¢ € (0,1 —n),
problem F : Func — ¥, and input distribution o on Func,

log (1+(A=1) (VI=e— yi)°)

2 )
log< max H(’)l,yl“l/z(’)xnyﬂﬂH)

zeX,yeYy

where T ranges over all multiplicative adversary matrices for F with 1-eigenstate |o) (see
Definition 7.2.1) and A ranges over [1, ||T[|].
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7.2.2 Dealing with search problems

By Definition 7.1.4, we aim to lower bound the number of queries that any quantum query
algorithm makes to successfully output F(f) € ¥ for any input f € Func. All decision
problems can be phrased in this form, where the set ¥ is equal to {0, 1}. However, it is not
always possible to interpret more general search problems as computing a single-valued
function F(f).

For instance, consider the simplest search problem, known as Search (see Section 2.2.5).
In this case, all goes well: we have f € Func as an n-bit string with Hamming weight 1,
and F(f) is defined as the unique index 7 such that f(i) = 1, implying ¥ = [n]. However,
if we relax Func to include all n-bit strings with Hamming weight at least 1, then there
are multiple correct indices i such that f(i) = 1. Consequently, there is no longer a single
correct value for F(f) for each f € Func. Further generalising Func to include all n-bit
strings leads to cases where some inputs contain no indices mapping to 1, making F(f)
undefined for such inputs.

In search problems, the problem is therefore characterised by a relation R C Func x %,
and the algorithm must output some o € ¥ on input f such that (f, o) € R. This formu-
lation generalises the concept of computing a function F, as we can define the relation R
corresponding to F as the set {(f, F(f)) : f € Func}. We shall see in Theorem 7.2.7 that
the compressed oracle framework solves such search problems.

However, to remain closer to the notation used in Theorem 7.3.4, we still choose to
frame search problems in terms of computing a function . To accommodate the fact that
search problems can have multiple, or even no, correct outputs, we define that a quantum
query algorithm A has successfully computed a function F on an input f € Func if it
outputs z such that z € F(f). Consequently, if ¥ is the set of possible outputs, then each
F(f) is a subset of ¥. To distinguish this from the earlier case where F(f) is a single
value, we now write F : Func — 2% for search problems.

To reflect the modified definition of “success”, we also update the projector F, for each
z € ¥ in Theorem 7.2.3 to:

o= 5 N

fé€Func:
F(f)>=z

We show that these modifications do not impact Item 3 in Theorem 7.2.3, thereby gener-
alising Theorem 7.2.3 to search problems:

Lemma 7.2.5. Let ' be a multiplicative adversary matrix for a problem F : Func — 2* and
let X satisfy the constraints of Theorem 7.2.3. Let Ayp.q be the projector onto the eigenspaces
of T" corresponding to eigenvalues smaller than A and let n < 1 — € be a positive constant such

that || FoApag||*> < 1 for every z € &, where F, = > |f){(f].
f€Func:
F(f)2=

Then for any T-query quantum algorithm A that solves F on input |o) with success
probability at least 1 — e,

WIIT,A)>1+A—1) (Vi—e— i)’

Proof. Consider the final state |7 (A, o)) at the end of the computation. The output is
correct if and only if z € F(f), meaning we can define a “success” measurement on the
input register Z and the workspace register Vo containing the output z € X:

Asuce == Y _ |2)(2lwp ® F.
zEX

Since the algorithm .4 solves F with success probability at least 1 — € on the input |o),
we know that

[Asucc|br (A, o)) || = V1 —e. (7.2)
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As in the original proof of Item 3 in [Spa08], we define Agood = I — Apag as the
projector onto the orthogonal complement of the bad subspace, which we call the good
subspace. Using these projectors, we decompose | (A, o)) as follows:

W)T ~A U =V 1—- "l’bad + \/7|‘1}good (73)

where

Apad |7 (A, 0)) | )= Agood|tr (A, 0))
[ Abaa|tor (A, )| &° [ Agood|¥r (A, o)’

|Whad) = and B = ||Agood|¥7 (A, 0))||*.

We proceed by separately bounding the contributions of the “good” and “bad” com-
ponents to ||Asucc|to7(A, 0))||. For the “good” component, we can use the trivial bound,
namely ||Asucc|¥go0d) || < 1. For the “bad” component, we bound it by

”Asucc’quadH‘ < I?Eai)){ ||FzAbad” < \/ﬁ

Combining this with (7.3) and (7.2), we find that
V1—e< ”Asucc’wT(Aa U)>|| < V 1- B ||Asucc|\1jbad>H + \/B ||Asucc|\Pgood>|| < \/ﬁ"‘ \/Ba

which we can rearrange to obtain g > (\/ 1l—e— \/ﬁ)2
Having found a lower bound on 3, we can now apply the same decomposition from
(7.3) to our progress measure to conclude the lemma:

WT(F> A) = Tf(Fpﬁ(A» J)) > Tr()‘Agoodpﬁ(Aa U)) + Tr(Abadpa(Aa U))
>+ (1-8)>1+A—1) (VIi—e— i) 0

7.2.3 The compressed oracle technique

In the compressed oracle technique [Zha19], Zhandry observes that in query problems
where the algorithm interacts with a quantum random oracle, it is equivalent (by applying
a purification) to assume that the algorithm is run on a uniform superposition over all
possible functions from the set X to the set Y. In this picture, a quantum adversary
interacting with the quantum random oracle towards some nefarious end is analogous
to a quantum algorithm run on input distribution o, which is initialised to the uniform
distribution over all functions from X to Y:

|Uniform) 7 (7.4)

fGYX

We refrain from discussing the compressed oracle in depth here. For more details,
see [Zhal9, CMSZ19, CFHL21]. Instead, we summarise the necessary parts needed to
show how the compressed oracle technique can be used to derive quantum query lower
bounds whenever Func = YX. The input register Z holding any computational basis state
|f)z, where f € YX, can be viewed as a tensor product of the different function values for
f for different values of z € X:

Hz=QIf(@)z

zeX

This can be interpreted as a look-up table that fully describes the action of f. We
can also consider a Fourier basis (see Definition 2.2.1) for this register that represents a
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function in YX. Let {]f‘)}feyx be the Fourier basis of T = Y®N where each |f) is defined
as
1Nz = Q) FTulf(2))z, = Q) |f(@))z-
rzeX rzeX

From the look-up table perspective, this means that we change the basis of all our entries
in the look-up table. The key insight that Zhandry makes is that if we view both the input
register Z in this Fourier basis, as well as the ) register, then a query (as in Definition 7.1.2)
acts on a basis state |) x|j)y|f)7 as follows:

O (2)alihylf)z) = )2 la)ylf =y~ bz (7.5)

Here, ¢, denotes the point function satisfying ¢, (z) = 1 and §,(z') = 0 for all 2’ # z. This
change of perspective is quite peculiar: where in a regular query (as in Definition 7.1.2)
the information stored in the 7, register is “copied” into the ) register, this interaction is
mirrored when viewing the 7, register in the Fourier basis. Another added benefit of this
basis change is that the initial state |Uniform) simplifies to

QF TV |Uniform)z = (X) |0)z, . (7.6)
zeX
The action of the oracle in (7.5), combined with (7.6), implies the following conse-

quence, which is the cornerstone of the compressed oracle technique:

Fact 7.2.6. For any T-query quantum algorithm A and for any t EA[T lo, we have that
P (A, Uniform) is supported on vectors in the Fourier basis of the form |f) where

f:yl'(sx1+"'+ys'5xsv
forsome z1,...,xs € X, y1,...ys € Y, and s € [t]o.

In Lemma 7.3.1, we will establish a stronger relationship that directly implies Fact 7.2.6.

We can construct an isometry Comp,, : C[Y] — C[Y U {Ll}], for every x € X, that
maps the Z, register to | L) if and only if this register contains |0), which represents the
algorithm knowing nothing about the value stored in register Z,:

Comp, = [L)(0] + > [2)(2].
z€Y'\{0}
By doing this for every + € X we obtain the isometry
Comp = ® Comp,.

zeX

This isometry Comp compresses the information of each of the basis vectors | f ), for f =
Y10z, + - - + Ys0x,, in the support of pk (A, Uniform), since Comp|f) € C[(Y U {L})*] has
| L) everywhere except for those s < ¢ registers indexed by x1, ..., xs. Let us extend QF Ty,
to C[(Y U {L})™] by defining QFT ;| L) = |L). We can view

D) = QFTrComp|f) € C[(Y U {L})*]

as a database, where we have applied QFTj, to bring the databases back to the computa-
tional basis. We say that D has size s if [{x € X : D(z) # L}| = s, which we denote by
|D| = s, and remark that by QFT,,|L) = | L), this basis conversion leaves the size of the
database unaffected. We write

D, ={De(YU{L}) :|D|=s}, Dey={De(YU{L)* :|D|<s}, (7.7)

for the sets of all databases of size s and at most s, respectively. In this chapter, we use set
notation when working with databases:
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e Foranyz € X,y € Y and D € (Y U{L})™ such that D(z) = L, we can add a new
entry (z,y) to D, to obtain D’ = D U (z,y). This means that the resulting database
D’ satisfies D(2') = D'(2') for every 2/ € X \ {z} and D'(z) = y.

e Forany z € X,y € Y and D € (Y U{L})" such that D(z) = y, we can delete the
entry (z,y) from D, to obtain D’ = D\ (z, y). This means that the resulting database
D' satisfies D(z') = D'(2') for every 2/ € X \ {z} and D'(z) = L.

The compressed oracle gets its name from the fact that each database D of size s can be
efficiently represented by the list of pairs (z1, D(x1)),..., (zs, D(xs)), which is bounded
in size due to Fact 7.2.6. Hence, the oracle operation O, , can be efficiently computed
by a quantum algorithm that lazy samples from the uniform distribution, and this circuit
(see [CMSZ19] for its explicit construction) is referred to as the compressed (Fourier)
oracle:

cO,,y = Compo O,y o0 Comp!. (7.8)

This framework has many applications in cryptography [CMSZ19, 1.Z19b, GHHM?21,
DFMS22] by being able to analyse the interaction of an adversary with a random oracle,
which as we have seen is equivalent to where the input register Z is initialised to the
uniform superposition over all functions (see (7.4)). In [CMSZ19, HM23], it was shown
that this can be generalised to uniform superpositions over distributions where there is no
correlation between the values in the registers Z, and Z, for distinct z,2’ € X. In this
chapter, we focus only on the application of the compressed oracle technique to quantum
query lower bounds. A rigorous framework of this application has been given in [CFHL21],
where the main ingredient of this lower bound (see Theorem 7.2.7 for the full statement)
is of the following form:

L [[PpecOsy (I = Poy)|.
Here, the relation R C (X x Y)* defines a set of tuples of size k over X x Y. Each
tuple R € R is an element of (X x Y)* and represents a list of input-output pairs
((x1,91),.-.,(zk,yx)). Compared to our discussion of search problems in Section 7.2.2,
the input f € Func is omitted from the relation R. To address this, Theorem 7.2.7 intro-
duces the additional constraint that the input-output pairs in each tuple R € R must be
consistent with the input f.

The relation R induces a subset Dgx C D, where D € Dg if and only if it is con-
sistent with one of the tuples in R, meaning that there exists a k¥ € [N] and R =
((x1,91),--.,(zk,yx)) € R such that D(x1) = y1,...,D(zr) = yg. For any subset A C D,
we denote the projection onto this subset as

Pa= ) |D)}DI. (7.9)

DeA

Since these projectors project onto computational basis states, we have the added benefit
that they commute for distinct choices of A.

Theorem 7.2.7 ([CFHL21]). Fix a finite set X of size N and let Y = [M — 1]o. Let R C
(X x Y)¥ be a relation for some k € [M — 1] and consider a quantum algorithm A that
outputs (r1,y1),...,(x1,yk). Let p be the probability that both (x1,y1),...,(z1,yx) € R
and y; = f(z;) for every i € [k] when A has interacted with a random oracle, initialised with
a uniformly random function f in YX. Then:

a k
W S S [
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Remark 7.2.8. The framework in [CFHL21] allows for an adversary that makes both se-
quential as well as parallel queries, whereas we restrict to only the sequential query version of
their result. Moreover, they also allow for a series of relations Ry, . .., Ry instead of a single
relation R, where they bound

‘ ‘ PDgtﬁDRt Cou’ﬁy PDgtf 1\Dr,_,

Since the latter generalisation has thus far not been used for any application in the se-
quential query model, we consider the simplified lower bound as described and applied in
[Zhal9, LZ19a, HM23].

The form of Theorem 7.2.7 is restricted compared to that of Theorem 7.2.3. We saw
that we cannot run A on any input distribution, but only on Uniform, since Theorem 7.2.7
requires the register Z to be initialised with a uniformly random function f in Y. Since
A has to output (z1,41), ..., (z1,yx) € R C (X x Y)¥, the technique always deals with
search problems instead of decision problems. Despite this restriction, it does seem to
come with a large advantage compared to the adversary methods. In practice, it appears
to be much more straightforward, or at least more intuitive, to come up with a good bound
on ||Pp_,nprcOzyPp_, \pr |l than itis to derive a good multiplicative adversary matrix I'

and accompanying constants A, 7, and bound its progress |0} ,['/20,.,T~'/2||. Further-
more, it also works well whenever one considers exponentially small success probabilities,
whereas the negative-weights adversary method fails in this regime.

7.2.4 Average-case query complexity

We cannot immediately conclude a lower bound on Q;_.(F) from Theorem 7.2.7. Recall
from Definition 7.1.4 and Section 7.2.2 that Q;_.(F) captures the number of queries
required for any quantum query algorithm A to successfully output z € F(f) for any
input f € Func with success probability at least 1 — e. By convexity, Q1_.(F) is lower
bounded by the number of queries required for any input distribution o, since:

Pr [A outputs z € F(f)] > min Pr[A outputs z € F(f)].
fro f€Func

However, Q1_.(F) is not an interesting metric in the case where min ycr,nc Pr[A outputs z €
F(f)] = 0, i.e. when there exists an input f € Func when the algorithm can’t successfully
output z € F(f) for any input f € Func. This can occur in Theorem 7.2.7, as the input
distribution o is Uniform. For instance, consider the collision problem, where for any input
f € YX, the goal is to output a pair (z1,y), (z2,y) such that f(z1) = f(z2) = y, referred
to as a collision. Some inputs f € YX may contain no collisions, making it impossible for
the quantum algorithm to output z € F(f).

Additionally, even if the worst-case input admits a non-zero probability of success, it
can often be more meaningful to show that the problem is hard on average rather than
merely demonstrating the existence of an input where the problem is hard. This is par-
ticularly relevant in the context of cryptography, where it is more desirable to know that
most cryptographic keys yield a secure construction than to prove that there exists a single
cryptographic key ensuring security.

Therefore, in the remainder of this chapter, we focus on deriving a lower bound for
the average-case complexity Q1_.(F) (see, e.g., [AdWO1] for further details) rather than
the worst-case complexity Q1_(F):

Definition 7.2.9 (e-error Average-Case Quantum Query Complexity). Fix F : Func — 2%.
Then the e-error average-case quantum query complexity of F and input distribution o on
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Func, denoted by Qf__(F), is the minimum number of queries needed by any quantum query
algorithm A such that
fPr [Aoutputs z € F(f)] >1—e.

We can now use Theorem 7.2.7 to lower bound QYy"form(F):

Corollary 7.2.10. Fix a finite set X of size N and let Y = [M — 1]p. Let R C (X x Y)*
be a relation for some k € [M — 1]. Then for any ¢ € (0,1 —k/M) and any problem
F : YX — 2R, the e-error average-case quantum query complexity QV"fm(F) is lower
bounded by the smallest T satisfying

k
Vizem 37 < 2, amax, [PocnoecOnPos s
t=1 ’

Corollary 7.2.10 is slightly less conveniently phrased compared to Corollary 7.2.4 due
to its dependence on ¢ in the term

H PDStﬁDRCO:E,y PDgtfl\'DR H :

As an example of how to determine the “smallest 7” in Corollary 7.2.10, we consider the
collision problem. In [Zha19], it is shown that for the collision relation

R = {((z1,9), (x2,9) € (X xY)*: f(21) = f(a2) =y},

we can bound
t—1

max P'D ND. cO P H < —.
xeX,erH <eNPREYe YT Dy —1\Dr M

Hence, QY"ifrm(F) is lower bounded by the smallest 7T satisfying:

T
[2 [t—1  T3/?
V] —e— 7<E PR R —
1 € Z‘r_t:l Moo ’

which can be rearranged to yield

2/3
T > <\/1—e— ,/ff) M/3,

7.3 Multiplicative ladder adversary method

Here, we propose a simplified version of the multiplicative adversary method, that we
name the multiplicative ladder adversary (MLA) method, which we later prove in Sec-
tion 7.4 has the compressed oracle technique as a special case. The MLA method is weaker
than the multiplicative adversary method as it only considers a subset of all possible mul-
tiplicative adversary matrices I', which we refer to as MLA matrices, but despite this re-
striction, it still exhibits a strong direct product theorem, as will be shown in Section 7.5.

7.3.1 Making the adversary matrix time-dependent

Before we define these MLA matrices in Definition 7.3.2, we first provide some motivation
behind their definition. In Section 7.2.3, we saw that the compressed oracle seems to
make more explicit use of the number of queries to compute the incremental progress
by decomposing the set of all possible databases D = Uf;o D, based on their sizes and
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integrating these into the projection Pp,. We generalise this notion by introducing the
following construction, that captures the subspace of C[YX] that is reachable from |o)
after a fixed number of queries.

First, we define a few components necessary for our construction. Let o be an initial
distribution on Func C YX. For any ¢t € [N] and any choice of zy,...,2; € X and
Y, Yp €Y, define

1
\U%ZIIZ% = \/ﬂ Z Va(H)lf), (7.10)
Qxy,... 1y f€Func:

Vi€ [t} )f(ml):yz

where o%}7 7% is the normalisation factor, defined as

airvi= Y a(f). (7.11)
feFunc:
Vie[t]’f(zi):yi

Lemma 7.3.1. Define the sequence of subspaces Space, (o) as follows:

* Fort = 0, let Spacey(o) = span{|o)}, where [0) = > gy Vo (f)|f) is the initial
state of the input register .

e Fort e [N], set

Space, (o) := span {|vg}:j:"yt> D (zi,y) €EX XY fori=1,...,t}.

-Tt

* Fort > N, define Space,(0) = Space (o).

Then each space Space, (o) represents the subspace of C[Y ] that is reachable from |o)
after t queries:

* For every t € [N]o, there exists a t-query quantum algorithm A, such that
Space, (o) C span {supp (p7(A,0))} .

* For every t € [N]y and t-query quantum algorithm A, we have
Space, (o) 2 span {supp (p7(A4,0))}.

Before we prove the lemma, we discuss some of its implications. First of all, we find
that Spacey (o) = span{|f) : f € supp(o)}. Moreover, in the special case where |o) =
|Uniform), we have that

Space, (Uniform) = Comp' (span{|D) : D € D<;}) Comp, (7.12)

which recovers Fact 7.2.6.

We can combine I" with the projection I1<; that projects onto Space, (o), to ensure that
the progress keeps track of the number of queries done by the algorithm. The “<” in the
subscript of each of the projectors II<; is there to emphasise that II<;_; < II<;. This is due
to the fact that we can let (x4, y:) = (41, y¢—1) in |vi 7% ). For any T-quantum algorithm
A, initial distribution o, ¢t € [Ty, and multiplicative adversary matrix I', we have

WHT, A) = Tr [[p%(A, 0)] = Tr [TTl<ip7(A, 0)] = Tr [Dpf(A, 0)l<] . (7.13)
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Proof of Lemma 7.3.1. To prove the first inclusion in Lemma 7.3.1, we show that for any
fixed ¢ = (z1,...,2¢) € X' and y = (y1,...,9:) € Y, we can construct a quantum
algorithm A such that

w18 ) € supp (p%7(A, o)) .

Let A be the ¢t-query algorithm that computes |f(z1), ..., f(x¢))w in its working regis-
ter using ¢ queries and ¢ 4 1 unitaries. Additionally, its final unitary U; uncomputes the )
register. Then the final state of the algorithm A is

WA o)) = > Vo)l f(x), z))wlze) x|0)y| f)z.

f€Func
By tracing out all but the input register Z, we obtain (see (7.10) and (7.11)):
1
pr(A o) =" —ylvz) vzl (7.14)
yey't z

For the second inclusion in Lemma 7.3.1, we show inductively that for every quantum
algorithm A and ¢t € [N]o, we have

[Yi(A, o)) € WXY ® Space, (o).
For t = 0, we know for any quantum algorithm .4 that
[vo(A, o)) = Uol0)way @ o)z € WXY @ Space, (),

since Uy acts non-trivially only on the WX') registers. Now suppose that (7.14) holds
for some choice of ¢t € [N — 1]y and quantum algorithm .4, meaning there exist complex
coefficients Sy, ; y 2.y satisfying

WA 0)) = D Busgeylwz,iwryvd)r.

zeX,yeY,weW,
reXtyey

Here |v4)7 = |o) if t = 0. For each z € X, we can decompose the state |v%) based on the
value of f(z) in the computational basis states |f) in |v}):

[1(A,0)) = Y. Buagaylw.T, Dway — > Jadi ey |

zeX,yeY,weW, T yi1€Y
reXtyey

(7.15)
which is an element of WXY ® Space,, (). Here af = 1if ¢t = 0. For each such state
lvg ¥ "), we only pick up a global phase when applying a phase query:

~ 27, ~
O’x7 y>xy\v§ﬁ; :?Ci’,yf+1> —¢ ]&Ly Yt+1 ‘x7 3/>Xy’vgﬁ: 7,%?7yt+1>' (7.16)

Moreover, since the unitary U; acts non-trivially only on the WX'Y registers, we find that

[Vi41(A, o)) = UiO|Yi(A, o)) € WXY @ Space, (o). [

7.3.2 Mapping the progress onto a ladder

The structure of the database projections Pp_,np, and Pp_, ,\p, in the compressed ora-
cle technique (see Theorem 7.2.7) is, in practice, more convenient to work with than the
more abstract projections A;. This is because these projections are built from the database
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basis states, which are more intuitive and allow for easy tracking of their sizes with each
query (see Fact 7.2.6).

We aim to establish a similar structure on the eigenspaces of I". These eigenspaces
should resemble steps on a ladder, where each query moves the state up or down by at
most one step. Additionally, these steps should be evenly spaced. To formalise this idea,
we impose structural constraints on the spectral decomposition of I':

T'=>Y NA,;. (7.17)

Here, ¢+ 1 denotes the number of distinct eigenvalues of I, which are sorted in ascending
order, and each A; is the projector onto the eigenspace associated with the eigenvalue \;.

Definition 7.3.2 (Multiplicative Ladder Adversary Matrix). Let I" = Zf:o Ai\; be a multi-
plicative adversary matrix. We say that T" is a multiplicative ladder adversary (MLA) matrix
if the following conditions hold:

e The eigenvalues of I satisfy \; = k' for some k > 1, so that

* For every t € [N]o, I' commutes with I1.

e Forallx € X, y € Y, and i,i’ € [{],, the projections onto the eigenspaces satisfy

Ay Oz yil| =0, if |i' — i > 1. (7.18)

The condition expressed in (7.18) ensures that each query can move the state up or
down by at most a single eigenspace. Meanwhile, the construction I' = Zf:o k'A; ensures
that the multiplicative progress between successive eigenspaces is constant, specifically a
factor of .

It might initially seem restrictive to consider only multiplicative adversary matrices
that commute with II<; for all values of ¢, given that we are only guaranteed that T’
commutes with |o)(o| = II<g, since |o) is a 1-eigenvector of I". However, the following
lemma demonstrates that this is not a restriction for the class of all multiplicative adversary
matrices:

Lemma 7.3.3. Let I" be a multiplicative adversary matrix with 1-eigenstate |o). Then there
exists a multiplicative adversary matrix I with 1-eigenstate |c) such that for every t € [N]o:

* I commutes with Il
s WHIV, A) = W4T, A) for every t-query quantum algorithm A.

Proof. By construction of Space,(c), we know that for every ¢t € [N]y, Space,(o) is con-
tained in Spacey (o) = span{|f) : f € supp(o)}. Hence, there exists an eigenbasis
{lej) }je(iFunc)) for Spacey (o) that also diagonalises each Tl<;:

|[Func|

Mer = D Aoy les) el (7.19)
=1 01}
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Since |o) lies in the 1-eigenspace of II<(, and therefore also in the 1-eigenspace of every
II<;, we can assume without loss of generality that |e;) = |o). We construct I'" using this
eigenbasis:

|Func|

=) (ejlTlej)les) el

J=1

We now show that I" satisfies the requirements stated in the lemma. First, since |o) =
le1) is a 1-eigenstate of I', we also have

|Func|

o)=Y (ejlTles)les)esllo) = (a|Tlo)lo) = [o).

J=1

Moreover, since I is diagonal in the shared eigenbasis {|e;)} jc[jFunc)) for all IT<;, it com-
mutes with every II<,. Finally, we find from (7.13) and (7.19) that

|[Func|
W, A) = Tr [['Tl<ipl (A, 0)] = Tr | D M jleITles)le;) (el 0% (A, 0)
j=1
|Func|

Z A7 (ej|Tlej)ejlp (A, 0)les) | = Tr [[H<iph (A, 0)<] = WHT, A).

O]

This new definition allows us to prove an MLA-version of Theorem 7.2.3. This result
is strictly weaker, as it only considers a subset of all possible multiplicative adversary
matrices, but it greatly simplifies the upper bound on the progress achievable in a single
query (Item 2).

Theorem 7.3.4. Fix a problem F : Func — 2%, an input distribution o on Func, a constant
k > 1, and an MLA matrix I' = Zf:o k'A; with 1-eigenstate |o) (see Definition 7.3.2). Let
A be a real number with 1 < X\ < k’. Let Ap,q be the projector onto the eigenspaces of T'
corresponding to eigenvalues smaller than A and let n < 1 — € be a positive constant such that

| FoApad||® < 7 for every z € 5, where F, = S |f){f]. Then:
f€Func:
F(f)2=

1. For any quantum algorithm A, W°(I', A) = 1.

2. For any T-query quantum algorithm A, and t € [T — 1],

2

k—1

—————2 < max 1+ max —— ||A;4q10 Oy It A
WHT, A) ~ icfi—1o, icit—1]o, K M1 T2 Oy <t
zeX,yeY zeX,yeY

3. For any T-query quantum algorithm A that solves F on input |o) with success proba-

bility at least 1 —e, WT (', A) > 14+ (A —1)(vV1 — € — W)Q

Note that the upper bound on W1 /W, the progress made in one step now depends
on t. This is necessary to capture the power of the compressed oracle method, where,
for example, the probability of (i.e. amplitude on) finding a collision in a single query is
greater the more queried values you have stored in memory.
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Corollary 7.3.5. For any n that satisfies the constraints of Theorem 7.3.4, any € € (0,1 —
n), problem F : Func — 2%, and input distribution ¢ on Func, the e-error average-case
quantum query complexity Q__.(F) is lower bounded by the smallest T such that satisfying

2
1<m f((—mﬂ—“V+HG+£%mvﬁMmmwmmmAD>
zeX,yeY

Proof of Theorem 7.3.4. Item 1 and 3 follow from Theorem 7.2.3 and Lemma 7.2.5, so we
focus on proving Item 2. We fix any 7T-query algorithm .4 and begin by following similar
steps as in [Spa08] to upper bound the ratio

Wt+1(F’ _A)
WHT,A)

Observe that the query operator O cannot directly be inserted into the progress mea-
sure since it acts on all registers X)Z, whereas each MLA matrix is only defined on Z.
Thus, we lift T" to this larger space by constructing ¥ = I)yxy ® I', which immediately
yields

WL, A) = Tr[Y[¢e(A, o)) (P (A, o))
Because A and |o) are fixed, we simplify the notation in the rest of the proof and omit
(A, o). The addition of T results in

WHET,A) T [Y]heg) (Yega ] Tr [TUt+1O|¢t><¢t|OTU:+1]

WET,A) T (X[l Tr [ [ (4]
T |00 TU Ol (]
Tr [Y]0)e) (4] ’

where in the final equality we have used the cyclic property of the trace. Since the unitary
Ui4+1 acts as the identity on register Z, we obtain that U, +1TUt+1 = Y. This allows us to

simplify

r OTUJHTUtHOth)th}  Tr [OTY Oy (]
Tr [Yebe) (] o Te [ (4]
At this point, we deviate from [Spa08] by making use of the projection II<; onto

Space, (o) from Lemma 7.3.1. Our goal is to show that the following equation holds:

Wt+1 (F .A) ) )
RGN Gl Ry rt/2 T F—l/zH ‘ B
WE(T, A) —xe?c?‘;éyH Ouyl<i (7.20)

Let |7) = T1/2|4/;), meaning |+;) = T~/2|7). Then
Tr [OTTO) (Wel] — (|OTPON) (4] (Iway ® T<y) OTTO (Iywary ® T<y) [¢hr)

Tr [X]9)e) (Y] B (V| Tlabe) B (e T |aby)
_ (T2 (hywy ® <) OTYO (Iway @ T<e) T™V/27)
(t|T)
2 2
1/2 —1/2||° _ 1/2 —1/2
<[ty omar ' s [0

where we use the fact that I', and hence also T, is Hermitian, as well as (7.1). Using the
triangle inequality, we can further bound this expression (for any fixed x,y and without
the square) as

Hrlﬂom,yngtr—l/?H < \}E+H<p1/20%yn L om,yngtﬂﬂ) 12| (7.21)

NG




176 Chapter 7. The compressed oracle is a worthy adversary

Here is where we make the second deviation from [épaOS]. Since the projections onto
the eigenspaces of a Hermitian matrix form a resolution of the identity, we can write the
matrix

1
N

as a block matrix with entries indexed by i, € [¢]y, equal to

(rl/Zoz,yHSt - om,yngtﬂﬂ) ri/2

1
NG

I~ 1 B
= < K Ai/OfB»yHSt - \/EAi’Om,yngtrl/2> T 1/2Ai (722)

v 1 =i+l _q
= \/;Ailom7yn<tAi — 7Ai/OI7yA7; fr Q
VKl = Vil NG

where we used I' = Zf:o k'A; (see (7.17)) and consequently '™ = Zf:o KT'A;. AsT
is an MLA matrix, all entries in this block matrix must be zero by (7.18), apart from the
entries on diagonal, superdiagonal and subdiagonal. The entries on the superdiagonal
however are also zero, which can be verified by substituting i = ¢ — 1 in (7.22). This
enables us to bound the norm of this block matrix by the block matrix M, ,, which will
contain only zero blocks, except for the blocks on the diagonal and subdiagonal, which
have respective entries a and b (that depend on z and y) multiplied by identity matrices
of the appropriate dimensions. We set these values to

Ay (Plﬁox,yﬂgt - Ox,yﬂgtrm) T2,

Ai’ Ox,yHStAiv

N e e | 1

a = max KiAi(’)x,quAi <1-—,
ict—1]o VE = VE
b D L 0, T A O, T A
= ien[%ﬁ)lc]o N i+1V gyl L<t 2 —ief[fl}?li]own i+1V e,y <t il -
Using this new matrix )M, , we can therefore bound
1

Y20, e — —=0, T, Y2 ) 7712 < M| 23

| (r20nns - onns < IMeyll. (723)

For a block matrix of the form

a 0 O
b a 0
Myy=10 b ;
0
b a

we upper bound its spectral norm by a + b, since ||[M, || < /[[Mayll, [[Mayll,, (see
Lemma 2.1.1). We can now nearly conclude the proof by combining (7.20) with (7.21)
and (7.23):

2

WL, A) 1 2 k-1
T, A) < (\/EJFIEI}}%YI!M%@/II) < |14+ max  —— [[Aip1 Oy ll<i A
zeX,yeY
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To conclude Item 2, we still need to replace A; 110, I1<;A; with Ay 1T1<; 11O, IT<(A;.
This follows directly from (7.15) and (7.16), which shows that for every one of the basis
states |vy; 4. ) spanning Space, (o) and for every z € X and y € Y, we have:

1
YlyeoyYt \ E : Y1yt Yt +1 Y1se-Yt Yt+1
Oz,y U:Jcl,...,:rt>_ \/ﬂ aCElw--»It:x O$7y|vx1,.“,xt,z >
Qzy,..,xt Y1 €Y
27
— E [ YL Yt Yt S ZE Y Y 1|0 Yo Yt Y41
- Ogy,..xx €M * |Uw1,...:cct’,z+ > € Spacet+1(0)v
Yt+1€Y
meaning
Op et = My 10, , Ty (7.24)

O]

The machinery of MLA matrices is not necessary for the reduction in Section 7.4. For
this reduction, we construct multiplicative matrices with ¢ = 1, which automatically sat-
isfy (7.18). However, a general ¢ is required if we aim to compute a function F on
¢ independent instances simultaneously, as discussed in Section 7.5. Furthermore, al-
most all multiplicative adversary matrices constructed so far to establish lower bounds
(see [ASAWO06, épa08, AMRRI11]) are, in fact, MLA matrices. This observation suggests
that MLA matrices form a natural subset worthy of deeper analysis.

The following is a useful property that follows from (7.24), which we will employ in
the subsequent sections:

Fact 7.3.6. ||A;I1<;O, I1<;_1A;_1|| is monotonically non-decreasing int € [N] forall i € [£].

Proof. Let II; := Tl<; — Il<;_; be the projection onto Space,(c) N Space,_;(c)*. Since
unitaries preserve inner products, we have by (7.24) that

H§t+1ox,ynt = Ow,yHt—]—Ow,yHSt—l = Hgtox,yngt—l'

This means that I1<;410, ,II; and II<;O, ,II<;_; have orthogonal images and coimages.
This orthogonality is preserved after multiplying with A; and A;_; since I' commutes with
II<;—1,1I<; and II<;4,. Hence, we have

[Aill<t1105 Mg Ay 1] = [[As (TT<g + TMpy1) Oy (g1 + ) Aj—1 |
= ||A; (M<tOsyll<t—1 + U<t Oy Iy + Tlip1 Oy <1 + Ui 1 O gy 1) A |
= [|1A; (H<tOsyll<t—1 + H<rp1Os 1) Aia || 2> [|A; (H<tOgyIl<t—1) Aia || - O

7.4 The reduction

In this section, we present an explicit reduction from the compressed oracle technique to
our new MLA method:

Theorem 7.4.1. Fix a finite set X of size N and let Y = [M — 1]o. Consider a relation

R C (X x Y)* for some k € [M —1]. Let € € (0,1~ (9 —4v2)4), and fix any problem

F : Y — 2R, Define the quantities MLADV " (F) and COMPY"™ (F) as the lower
* M

bounds on Q{"fe'™(F) obtained by Corollary 7.3.5 (with n set to %} and Corollary 7.2.10,

respectively. Then, we have

COMPY™™ (F) < 6 - MLADVY ™5 (F).

"M
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Recall from Corollary 7.2.10 that COMPY"f™( F) is equal to the smallest 7" satisfying

T
k
VI—e—y/7- <Y max HPDStmDRcO@yPDgFI\DRH . (7.25)
t=1

— zeX,yeY

We start by removing the compressed oracle cO, , in (7.25). For ¢t € [Ty, consider the
following projections:

I ; == Comp'Pp_ Ap.. Comp,
! e (7.26)
Iyt == Comp PDSt\DRComp.

By the definition of cO, , from (7.8), we find that the projections in (7.26) allow us to

rewrite the right-hand side of (7.25) as:

max P']_) nD cO P H
— xeX,erH <tNPR=Y2yT Dei—1\Dr

= 3 xe%a;éY H(CompHLtCompT) (CompOLyCompT) (Compﬂg,t_lCompT)H
=1 ’

T
= 111 :0., o -1l .
;x&fﬁy 111,60,y 1o -1 ||

Hence, by Corollary 7.2.10, COMPY"ferm( £ is upper bounded by the smallest value of T
satisfying

\/1—6—,/ <Z Jnae T Oy Mo 1 (7.27)

Next, we show that for any R C (X x Y)¥, we can always construct an explicit MLA
I" (see Definition 7.3.2), with accompanying parameter A and n = sat1sfy1ng the condi-
tions of Theorem 7.3.4, such that any 7' that satisfies

T 2
k—1
(- DW= e- ViR <] ( (LY BCH )
L iele—1)o VE
t=1 zeX,yeY
also satisfies
\/1—6—,/ <Z Jnace Oz o g (7.28)

This then proves Theorem 7.4.1 by Corollary 7.3.5 and (7.27).
For ¢ = 1, we know from Definition 7.3.2 that any multiplicative ladder adversary
matrix has the following form for some x > 1:

I' = Ap + kA

We set the eigenspaces of I' to correspond to the projections A; := II; y (see (7.26)) and
A() =1 - A1.

Claim 7.4.2. For eacht € [Ty

HgtAO = H()’t, A1H§t = Hl,t' (7.29)



7.4. The reduction 179

Proof. Since Pp_ is the identity on C[(Y U {11)¥], we find that

Ao=1—-A\ = CompTPDSNComp — CompTPDSNmpRComp
= Comp‘Lqu\,\fD72 Comp.
By (7.12) we know that II<; = Comp'Pp ,Comp. Together with the commutativity of the
projectors onto subsets of D (see (7.9)), this implies that
<Ay = CompTPDStCompCompTPD<N\DR Comp
= CompTPDSt\DRComp =1Ilp,.

Similarly we have

M« = CompTPDSNmDRCompCompTPpStComp
= CompTPDStQDRComp =1l ;. ]

Claim 7.4.3. Let Ay = II; y (see (7.26)), Ao = I — Ay and I" = Ag + kA, for some
constant > 1. Then T' is an MLA matrix as defined in Definition 7.3.2 with |Uniform) as a
1-eigenvector.

Proof. It is clear that this construction makes I" positive definite with smallest eigenvalue
1 and largest eigenvalue . Moreover, since ¢ = 1, we automatically satisfy (7.18) from
Definition 7.3.2. I' also commutes with every II<; due to the commutativity of the projec-
tors onto subsets of D. Hence, it only rests us to verify that |Uniform) = ﬁ doreyx |f)

is indeed an eigenvector of I" with eigenvalue 1:
Ao|Uniform) = |Uniform) — A1|Uniform) = [Uniform) — Comp!Pp,, | L)®N = |Uniform),
since the empty database | L)®" can never be an element of Dy. O

Knowing that ' is an MLA with |Uniform) as a 1-eigenvector, we may apply Corol-
lary 7.3.5. By taking the natural logarithm of both sides, it states

T
9 k—1
n(1+A=-1)(WV1-€e—n)?) < 2;111 <1 + xegl(i;}éY o ||A1H<t(9x,yl_[<t_1/\0||> .
To show that this implies (7.27), weset A\ =r =1+ (e—1)/ (V1 —€e— \/ﬁ)z and multiply
both sides of the equation with /1 — ¢ — /7 to arrive at

|!A1H§t0x,yH§t—1AoH>

T
k—1
1—€e— <2(vV1—€e— In(1 S
Vice— <2 (Vi-e W)Z“n< s e

T
k—1
<2(VI-e— ) NP 1A TT<; Op y <1 Ao
t=1 ’

T
<3 ; o (A<t Ox y Ty 1 Ao (7.30)

To finalise the proof, we show that the choice of n = % satisfies the conditions of

Theorem 7.3.4. By our choice of T', \, ks, the projection Ap,q is equal to Ag. The proof of
the following lemma can be skipped if the reader is familiar with the compressed oracle
technique, as the technique is reminiscent to the proof of the lemma in [Zha19] that links
the compressed Fourier oracle to the original oracle.
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Lemma 7.4.4. Let ' = Ay + xA; be a multiplicative adversary matrix (see Definition 7.2.1)
with A = CompTPfDR Compand Ag =1 — Ay. Then forevery z € R C (X X Y)k we have

2k
IFA < 5,
where F, = > |){f].
feyX.
F(f)>=
Proof. We know that z is of the form (z1,¥1),..., (zk,yr). Hence, we have that the pro-

jector F), is equal to F, = ®f:1 lyi)(yilz,, (and acts as the identity on all other registers
of 7). F is therefore equal to Pp,_,, but the latter acts on C[(Y" U {1})¥], whereas the
former acts on C[YX]. By definition of Ag, we find that

Ao=1- CompTPRComp <TI- CompTPp{z}Comp.

Combined with the projection F. this yields

| Fholl < |

. CompH. (7.31)

The projections F; and Pp_,, are easier to analyse if we view each 7, register in the
Fourier basis. If we abuse the equality sign, since both projectors act on slightly different
Hilbert spaces, they look as follows in the Fourier basis:

k

1 ™
F=Pp, =@ | 37 22 e )k, | (7.32)
=1 v,weY
and hence
FZCompTPD{Z}Comp
k ) k )
~® (2 T F I, | @ 2 X Fuy,
i \ M, WEY i=1 v we(Y\{0})
k
M - 1 uxa
=@ | S 2 el
i=1 V,WEY:
v#£0
(7.33)
We abbreviate v := (v1,...,v) and similarly introduce |v)z, := ®f:1 |vi)z,,. We also
abbreviate

e%@bw 'u)y _HeQ‘nL(wz Uz z'

Using this new notation, we can apply both (7.32) and (7.33) to expand the expression
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F, — FzCompTPD{z}Comp from (7.31) as

k k
® % Z e27rb(w v) yl|w ’I:c ® 2m(w v) y1|w>< ’I:ci

=1 v,weY =1 vwEY
1 2L N M 1
:m Z er (W ’U)y’w><v|zz 2 eM(w v) Yiw) (v|z,
vweYk v 'wEY’c
éz Ui=
1 270 (o). 1 M—-1 2me
= <F Z et (WY ) (|7, + <]Wf — <M2 > ) Z e 3 (W) Y|y (v 7. .
vweYk v,weYk:
Ji:v;=0 i:v; =0

We now bound its norm by applying a counting argument on the number of v, w € Y*
where either one or none of the v; is equal to 0:

2
ZCompH
2
< M — ME(M - 1)k : M—13" M*(M —1)*
7 M=)+ | 37~ (G (M=1)
2
M —1\" M—1\"\" /M -1\*
=1-— +(1-—
M M M
1\ 2k 1\ 3k 1\t o
=1- - = S— <l—(1-— < —.
1 2<1 M> +<1 M> <1 (1 M> <
In the final inequality we have made use of the fact that M > k > 1, allowing us to apply

Bernoulli’s inequality:
1\%* 2k
1——) >1-=.
(-3) =5 :

Knowing that % is a valid value for 7, suppose that e <1 — (9 — 4@)%. Then

\/m—(Q\/i—l)\/EZO.

Together with Claim 7.4.2, (7.30) and Lemma 7.4.4, this means that our MLA matrix
I' satisfies (7.28), where in the penultimate step we use that ||[A1I1<;O, ,I1<;—1Ag]| is
monotonically non-decreasing in ¢ (see Fact 7.3.6):

m—\f< 1—6—\/>+\/ﬁ— 2&—1)[—2(@—[)

< A< Oq Ty 1 Ag| <Z I 1 Oq y o 1| -
<D e, WllsOryTlci-1holl < 3 syae T Oug o1l

7.5 A Strong Direct Product Theorem

The machinery of MLA matrices seems a bit overcomplicated compared to what we ac-
tually needed in the reduction in Section 7.4. Since we only considered multiplicative
matrices where ¢ = 1, we obtain the “ladder” prefix automatically. We will need general ¢
however if we want to compute a function F on ¢ independent instances simultaneously.
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Although it does not seem to fit in the framework of [CFHL21] directly, the compressed
oracle framework also has the powerful property of being able to exhibit strong direct
product theorems (SDPT), as shown in [LZ19a, HM23]. Such a theorem states that if
we try to compute F on k independent inputs in fewer queries than & times the queries
needed for a single instance of F, then our success probability will decrease exponentially
in k.

It was already shown by [Spa08] that the multiplicative adversary method directly
satisfies a SDPT. Here we show that a similar proof as in [AMRR11], which is based on
the proof in [épaOS], also holds for the MLA method due to the fact (which we will prove)
that the set of MLA matrices is closed under tensor powers. This motivates the study of the
MLA method as a simplification of the multiplicative adversary method, since it maintains
the property of satisfying a SDPT.

We introduce the following notation for this section: for any problem F : Func — 2*
and integer k > 1 let F*) : Func® — (2%)* be defined as

FO(hy, . he) = (F(ha), ..., F(hy).

Theorem 7.5.1. For any problem F : Func — 2%, input distribution o on Func, and fixed
n < %, let MLADVY__ , (F) be the lower bound on Q7 (F) obtained by Corollary 7.3.5. Then
there exists a constant c¢ € (0,1) and integer k > 361 we have

MLADVS: 2 (F*)) > ﬁMLADvl en(F)-

cn5

Proof. LetI', \ denote the optimal values in Corollary 7.3.5 for a fixed n < % We use these
to construct IV (with eigenspaces denoted by Ag), N and 7/ for F (k) as follows:

sk

/

1 =1M

ol

[ :=T% X\ .= )1

This construction yields a positive definite matrix IV € CFunc"xFunc” with smallest eigen-
value 1 of the form

=T% = Z KA, (7.34)
where
i1,...,ikE[j]o:
114t =y
We similarly define
!/
L= Y, Ty ®--- @Iy,
tl,‘..,tké[t]ol
t14- -+t =t

where each II; := II<; — II<;_; (as in the proof of Fact 7.3.6). We now set out to show
that I'" is of the correct form to use it as an upper bound for MLADVC nE(F (k))y:

Lemma 7.5.2. Let ' be an MLA matrix for F (see Definition 7.3.2) with |o) as a 1-
eigenvector. Then for any non-negative integer k, I'®* is an MLA matrix for F**) with |o)®¥
is a 1-eigenvector .

Proof. By construction, I" = I'®* is already of the desired form (see (7.34) and Defini-
tion 7.3.2), and since |o) is a 1-eigenvector of I', |0)®* is a 1-eigenvector of I". Addi-
tionally, since I' commutes with each II<, it follows that I' commutes with IT_,. What
remains to verify is that I satisfies (7.18). -
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Since Func® = (YX)¥ = (YY), where X’ is a set of size kNN, there exist unique = and
k' for every 2’ € X’ and y € Y such that

Ox’,y — I®k’—1 Q O:):,y ® I®k—k/’

where I is the identity on CFunexFunc  Then, since I' commutes with each II;, we can

/ ! ! /
decompose ‘ NI O, I, A
E E Ai'l Ht’lﬂhAh K- ® Ai;,Ht;/ Ox,yﬂtkAik, K- ® Ai;CHt;cHtkAik
i1,06€ G0,  t1,-tk€[tlo, v = g
it €000ttt Elo: i1, Oty 14 01 R

i1t =y, t1+- i =t—1,
Bt =g et =t

< Z Ai’HStOz,yHSt—lAi e[ }maéc[ . HAi’HStOI,yHSt—lAiH .
i€[lo.’ €[j']o: ' ij 7
i'—i=j'—j

(7.35)

In the last inequality, we have used the fact that each term AyI1<;O, ,II<;_1A; in the sum
has orthogonal images and coimages. It now follows from (7.35) that for every 2’ € X,
y€eY,t<T,andj,j € [k-¥]o with |j — j'| > 1, we have

| AL, O Iy AS|| < o 261[1;1]%;? - ||A Oz \i| =0, (7.36)
i —i=j'—j

since I' is an MLA matrix and thus satisfies (7.18) itself and the fact that I' commutes with
both Hgt—l and Hgt- ]

To prove Theorem 7.5.1, we show that any 7" satisfying

T
L+ (N =1) (Vb — /i <[] | 1+ jGII??Xl]o HAQ‘HH/@O’%@/HIQ—lA;’H ’
t=1 zexk YEY
(7.37)

2
(10/k)
-1
I+ A-)VI-e-yn?< [ (1+ e % [Ait1 1< Oy Iy 1 A
t=1 :L"EX,yG%;
(7.38)

The theorem then follows from Corollary 7.3.5. For the choices of X' and 7/, we know
by the assumptions in Theorem 7.3.4 that ||FZAba,d||2 < n for every z € 3, where Apyq
is the projector onto the eigenspaces of I' corresponding to eigenvalues smaller than A
and F. = ) repunc. ()32 1) (f]. Now let A}, be the projector onto the eigenspaces of
I corresponding to eigenvalues smaller than ). Abbreviate z = (z1,...,2;) € ¥* and
define F, = ®§:1 F,;. Let Viaq denote the space that Ap,g projects onto, let Vgooq be
its orthogonal complement and analogously define V[/_,. By construction of I'" = I'®*, we
know that A _, is a subspace of the direct sum of spaces ®§:1 Vi, where v = (v, ..., vx) €
{good, bad}*. Since all the eigenvalues of I are bounded below by 1 and V[, is the direct
sum of all eigenspaces of I with eigenvalue smaller than N = M\/10_ it must be that
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the number of good subspaces, denoted by |v|, is at most k£/10. This means that we can
decompose any state |¢) € V|, as a product state

k
lp) = Z Q| ) = Z av®|¢v]~>7

ve{good, bad}*: ve{good, bad}*:  j=1
lvl<{5 wI<15

where |¢,,) € V,,. It now follows, as in [Spa08], whenever n < 1/2 and k > 361 for every
z € ¥F that there exists |¢) € V{,, such that for every z € X*

k
[EAball? =1 D0 Rl <] 3 QF )

ve{good, bad}*: ve{good, bad}*: 7=1
lv|<15 lv|< 15
9k 9k b/10 k k 9k 9k
<poo Y <qw ' <Z> < k'(k/w)nw < k(10e)*/1%n10.
ve{good, bad}*: 1=0
lvl<{5

Under the assumptions of the lemma, we know that n < % and k£ > 361, meaning
k(lOe)k/lon% < 2k:/277k/2n2k/5 < 7721:/5 — 7.
To finalise the proof, note that for any fixed n < 1/2,e¢ € (0,1 — ), and A > 1 we have

1+(A—1)(m—\/ﬁ)2<1+(A—1)

=1.
A A

Hence, there exists a constant ¢ € (0, 1) such that for every k£ > 361 we have

k.

I+A=1)WT—e—ym*\ "
<+( )(A € W) Ff <cs. (7.39)
Therefore, given our choices of \ and 7/, we find
2\ 10
2 1 A—1D(W1—€—
14+ (X = 1) (V& = /) 21+(X—1)< i )(A ‘ \/ﬁ)>
k (7.40)

=14+ (1= A0) (1+ (A= 1) (VI—e— yp))™
> (L (- 1) (VI i)™

where the final inequality is due to the fact that 1+ (A — 1) (V1 — e — /7)* < A by (7.39).

We can conclude the theorem by showing that if (7.37) holds, then so must (7.38),
by combining (7.35) with (7.36) and (7.40) and the fact that ||A;;111<; O, I1<;—1 A4 is
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monotonically non-decreasing in ¢ (see Fact 7.3.6):

1+ (A= 1) (VI—e— )2 < <1+(X—1) (@—ﬁ)2>k

2\ &

L k—1
< 1+ max ——||AIIL,0, 00, A
- tH1 je[k/‘[*l}o, \/E H JH1I <tV yt<t—1 ]H

o z'eX* yey

T 1 2\ *

H_

< 14+ ma —— || A1 ;O i 1 A
— H ie[z—i(]o, \/E || 1<tV y 1<t —1 ZH

t=1 reX,yeY

(10/k)T .1 2

< 1+ max —— ||Aji1 1< Op Il 1A; . O
< 11 B i1 T<t Oy I 1 A

zeX,yey

7.6 Inverting permutations

In this section, we show that the approach in [Ros21] to generalise the compressed oracle
framework to permutations is also captured by the multiplicative ladder adversary (MLA)
method. Since in the setting of [Ros21] we are working with random permutations, rather
than random functions, we consider Perm: the set of all permutations from X to X, where
X = [N — 1]o. Our objective is to find the unique preimage of 0 under a permutation f,
meaning F : Perm — X, where F(f) = z if and only if f(x) = 0. Note that here, we can
revert to the original notion of “success” (see Definition 7.1.4 and Definition 7.2.9). We
aim to apply Corollary 7.3.5 to recover the following result:

Theorem 7.6.1 (Corollary 5 in [Ros21]). Let Perm be the set of all permutations from X to
X, where X = [N — 1]y and let F : Perm — X, where F(f) = x if and only if f(x) = 0. Any
T-query quantum algorithm A successfully outputs F(f) when f is drawn uniformly from

Perm with success probability at most (1 + 2\/§T)2 /(N —4T).
We apply Corollary 7.3.5 by constructing an MLA matrix I" from the constructions

in [Ros21]. In the permutation case, the states that make up Space,(|o)) (see (7.10)) are
(for any ¢t € [N]p):

1
Y 2 I

fe€Perm
Vie [t] f(zz):yl

Each such state can be interpreted as the database | D) from Section 7.2.3, where D con-

tains the input-output pairs (x1,¥1),- .., (2, y:). In [Ros21], the span of these states is
denoted by A;:

Ay = Space,(|o)) = span {|v¥1 %) : ((x1,51),-- -, (T, 1)) € (X x X)'}.
The second space introduced in [Ros21], where ¢ € [N], is

Bt = Span{|v‘2’m’yt > : ((581,0), (x27y2)7 R (xt)yt)) € (X X X)t} - At7 (741)

15Tt
where a preimage of zero is captured in the database. We have already seen in (7.15)
that A; C A;41. Instead of summing over the different possible y values of the new input-
output pair, we can also sum over the possible x values:
o) = N —(k+1) > i),
zeX\{z1,...,x¢}
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where y is any fixed element in Y\ {y1, ..., y:}. By choosing y = 0, we actually obtain for
every t € [N] that

Ai1 € By C Ay (7.42)
With these spaces, we can construct our MLA matrix I'. Although it seems reasonable to let
the eigenspaces of I' correspond to the spaces A; and B, (7.42) shows that these spaces
are not orthogonal. We address this by introducing the projectors I + and HO +, which
project onto @-_1 (B' N(Ai-1) ) and EBi:l (Ai N (B;) ), respectively. In [Ros21], these

projectors are called thgh and TI°". To understand the intuition as to why these spaces

are con51dered we refer the reader to [Ros21]. For now, we can think of the projectors
H1 +and HOt as the permutation counterparts of II; ; and Il that we defined in (7 26).

Once again, our MLA matrix will be of the form I' = Ay + xA;, where we set A; = Hl, N,
and accordingly set Ag = I — Aq:

Claim 7.6.2. Let A == H1 N, which projects onto EB (B N(Ai-1) ), let A\g =1 — A\

and T' = Ay + kA; for some constant x > 1. Then I' is an MLA matrix as defined in
Definition 7.3.2 with |o) as a 1-eigenvector.

Proof. It is clear that this construction makes I" positive definite with smallest eigenvalue
1 and largest eigenvalue . Additionally, by (7.42) each component of the direct sum

@f\; 1 (Bi N (Al-_l)L> is a subspace of Ay, meaning A; (and hence also I by construction)

commutes with II<y (which projects onto Ax) and hence also with every II<; < Il<y.
Lastly, since ¢ = 1, we automatically satisfy (7.18) from Definition 7.3.2, meaning we only
need to verify that |o) = ﬁ > feperm |f) is indeed an eigenvector of I' with eigenvalue

1. Recall from (7.42) that A;_; C A, for t € [N] . In particular, this means that |o) € Ay
is orthogonal to each (A;)" for ¢ € [N]y and therefore in particular also to the direct sum
@Y | BN (A1), meaning

Clo) = o) — ﬁl,N|a> = |o). O

By choosing A =k =1+ (e—1)/ (V1 —€— \/ﬁ)Q (as seen in (7.30)), Corollary 7.3.5
now tells us that Q;_.(F) is lower bounded by the smallest T satisfying

T
VI—e—n<2V2 err)n(zféy | A1 TT<t Oy y <1 Ao - (7.43)
t=1 ’

To be able to continue, we first need to show that Claim 7.4.2 also holds in the case of
permutations:

Claim 7.6.3. For each t € [N]y, we have
< Ao = Iy, ATle;, =TIy, (7.44)

Proof. Both parts of the claim follow from the fact that A, 1 C B; C A; (see (7.42)):
Starting with A;, we know that A;II<; projects onto

N t t
AN @ (Bi n (Ai—l)L) = AN @ (Bi N (Ai—l)l) = @ (Bi N (Ai—l)L> :
i=1 i=1 i=
which is the space that ﬁl,t projects onto. Similarly, we obtain that II<; Ay projects onto

t

An (é(gmmy)) _Amm(mu ) =@ (4 (B,

i=1 i=1

which is the space that ﬁ()Vt projects onto. O
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By Claim 7.6.3, we can relate the right-hand side of (7.43) to the projectors ﬁoyt, ﬁ1,t
via the inequality

A< Oy H<i_1Ao]| = Hﬁl,tox,yﬁo,t—lH . (7.45)

It is shown in Claim 11 and Claim 12 in [Ros21] that

2v/2

Hﬂl,tox,yno,t—lH < TATh

By plugging this into (7.43), together with (7.45), we obtain

max .
— veXyey /N — 4t — /N — 4T

T
Tmem i< 23y V2 8T (7.46)
t=1

The last step in proving Theorem 7.6.1 consists of finding a valid value for 1, meaning we
have to bound ||F,Apag||. By construction of I' and our choice of A, the projection Ap,gq
is equal to Ag. The final piece of the puzzle can again be found in [Ros21], this time in
Claim 10, where it is shown that

1
F A € ———.
”zOH—m

Combining this with (7.46), results in an upper bound on our success probability of

( ST 1 )2<(1+8T)2
VN—4T ' N—-2T) ~ N—-4T’

which recovers Theorem 7.6.1 up to a constant factors.
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Abstract

Quantum computing holds the promise of solving certain problems far more efficiently
than classical computing, but understanding its power and limitations requires grappling
with concepts that are fundamentally different from classical algorithms. This dissertation
aims to provide a structured approach to understanding quantum algorithms by focusing
on frameworks that retain a connection to classical intuition and concepts, advancing our
understanding of what quantum algorithms can—and cannot—achieve.

In Part I, we explore the capabilities of a specific class of quantum algorithms known
as quantum walks. These quantum walks, the quantum analogs of classical random walks,
serve as powerful yet accessible tools for solving a variety of computational problems.
Designing a quantum walk algorithm typically begins with a classical random walk algo-
rithm, which is then adapted into a quantum version with improved runtime performance.
Our key contribution is the development of a novel way to adapt the underlying classi-
cal random walk, resulting in multidimensional quantum walks, a new class of quantum
walks that significantly broadens the scope of existing techniques. By constructing a mul-
tidimensional quantum walk for the k-distinctness problem, we achieve a time-efficient
solution that matches the best-known query upper bound up to polylogarithmic factors.
Furthermore, by applying multidimensional quantum walks to the welded tree problem,
we demonstrate that this new class of quantum walks is capable of achieving exponential
speedups, making it the first instance of a (discrete) quantum walk to do so. Additionally,
we extend the known connection between quantum walks and electrical networks to the
multidimensional setting, introducing the concept of multidimensional electrical networks,
which provide deeper insights into the underlying structure of quantum walk algorithms.

In Part II, we turn to the limitations of quantum algorithms by examining techniques
for establishing quantum query lower bounds. These lower bounds represent the mini-
mum computational cost required for any quantum algorithm to solve a given computa-
tional problem, regardless of the quantum algorithm used. We investigate the compressed
oracle technique, a method renowned for deriving strong, yet intuitive quantum query
lower bounds. However, this technique has historically been restricted to a limited range
of problems. To overcome this limitation, we introduce the multiplicative ladder adversary
method, a simplified and more intuitive adaptation of the well-established multiplicative
adversary method. This new method not only unifies the compressed oracle technique
within the broader adversary framework but also incorporates recent generalisations of
the compressed oracle technique, providing a concrete method to extend its applicability.






Nederlandse samenvatting

Computers hebben onze manier van problemen oplossen compleet veranderd. Van
de eerste rekenmachines tot moderne supercomputers: ze stellen ons in staat om steeds
grotere en complexere berekeningen uit te voeren. Tegenwoordig zijn computers onmis-
baar in de wetenschap, techniek en het dagelijks leven. Ze helpen ons bij het analyseren
van grote hoeveelheden data, het simuleren van natuurkundige processen, en het automa-
tiseren van ingewikkelde taken. Achter deze vooruitgang zit een belangrijk concept: algo-
ritmen—duidelijke stap-voor-stap instructies die computers gebruiken om een probleem
efficiént op te lossen.

Hoewel het woord ’algoritme’ misschien technisch klinkt, gebruiken we dit concept in
feite elke dag zonder erbij na te denken. Een recept is een goed voorbeeld: het vertelt
je welke ingrediénten je nodig hebt, hoe je ze moet combineren en in welke volgorde je
ze moet bereiden. Dit lijkt sterk op hoe een computer een taak uitvoert met een algo-
ritme. Veel basisprincipes van programmeren kun je herkennen in koken: Conditionele
acties lijken op het nemen van beslissingen in recepten (‘Als de saus te zuur is, voeg dan
suiker toe”), iteratieve processen komen overeen met herhaalde taken (“Roer voortdurend
tot de saus is geémulgeerd”), en parallellisme komt overeen met multitasking (“Terwijl de
aubergine braadt in de oven, maak je de saus klaar”).

In tegenstelling tot klassieke computers, die werken volgens de wetten van de klassieke
mechanica, maken kwantumcomputers gebruik van principes uit de kwantummechanica,
zoals superpositie en verstrengeling. Dankzij deze principes kunnen kwantumcomputers
sommige (maar zeker niet alle) berekeningen veel sneller uitvoeren dan klassieke com-
puters. Dit geldt bijvoorbeeld voor het ontbinden van grote getallen in priemfactoren,
het zoeken in ongestructureerde databases, en het simuleren van natuurkundige syste-
men. Binnen het veld van kwantumcomputatie onderzoeken wetenschappers hoe krachtig
kwantumalgoritmen zijn en waar hun grenzen liggen. Ze proberen te begrijpen voor welke
problemen kwantumcomputers echt sneller zijn en voor welke problemen ze geen voorde-
len bieden. Dit helpt bij het bepalen waar kwantumtechnologie in de toekomst het meest
nuttig kan zijn.

Hoewel kwantumcomputers indrukwekkende voordelen bieden, is het ontwerpen van
kwantumalgoritmen een grote uitdaging. Klassieke algoritmen volgen vaak een logische,
intuitieve structuur, maar kwantumalgoritmen vereisen een compleet andere manier van
denken. Het proces lijkt minder op het volgen van een recept en meer op het componeren
van muziek. Kwantumcomputers gebruiken interferentie om juiste oplossingen te ver-
sterken en verkeerde oplossingen uit te doven. Dit werkt net als muzikale harmonie:
constructieve interferentie zorgt voor een mooi akkoord, terwijl destructieve interferentie
valse tonen wegneemt. Helaas kan een kleine fout in het ontwerp van de kwantumalgo-
ritme deze delicate balans verstoren waardoor de berekening niet meer werkt. Zoals een
muzikale harmonie die een beetje uit de toon valt schril klinkt, zo wordt een kwantumal-
goritme dat niet perfect is afgestemd nutteloos.

De reden dat kwantumalgoritmen minder intuitief zijn, ligt in de unieke beginselen van
de kwantummechanica. In tegenstelling tot klassieke berekeningen moet elke stap van de
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kwantumalgoritme omkeerbaar zijn; informatie kan niet zomaar worden gekopieerd of
verwijderd. Bovendien zijn de uitkomsten van een kwantumalgoritme probabilistisch,
wat betekent dat het resultaat niet altijd met volledige zekerheid vaststaat. Deze eigen-
schappen maken het ontwerpen van kwantumalgoritmen extra uitdagend en vereist het
begrijpen van kwantumalgoritmen ook een diepgaande kennis van de kwantummechan-
ica. In dit proefschrift onderzoeken we methoden die het begrijpen van kwantumalgorit-
men eenvoudiger maken. Deze methoden vereenvoudigen de onderliggende kwantum-
mechanische complexiteit door problemen terug te brengen tot een vorm die dichter bij
klassieke berekeningen ligt. Opmerkelijk genoeg laten we zien dat deze vereenvoudiging
de kracht van kwantumalgoritmen grotendeels behoudt. Dit helpt ons beter te begrijpen
waar kwantumcomputers écht voordeel bieden en waar hun beperkingen liggen.

Het ontwerpen van krachtigere kwantum toevalsbewegingen

In het eerste deel van dit proefschrift onderzoeken we een specifieke strategie voor het
ontwerpen van kwantumalgoritmen, bekend als kwantum toevalsbewegingen. Dit zijn
kwantumversie van toevalsbewegingen (Engels: random walks), die vaak als basis dienen
voor efficiénte zoek- en optimalisatie-algoritmen. Een toevalsbeweging is een proces waar-
bij iemand willekeurige stappen neemt, zoals een dronken persoon die zonder plan door
een stad zijn weg naar naar huis zoekt. Elke volgende stap alleen afhangt van de huidige
positie en daarom kan dit process makkelijk wiskundig worden geanalyseerd. Hierom
wordt het veel gebruikt om efficiénte zoekalgoritmes te ontwikkelen.

In een van de bekendere technien om kwantum toevalsbeweging te maken, wordt
er inspiratie getrokken uit hoe elektriciteit zich verspreid door een elektrisch netwerk.
Hoewel deze techniek erg toegankelijk is, zelfs voor onderzoekers zonder uitgebreide
kwantumkennis, heeft het een beperking: het kan hoogstens een kwadratische versnelling
bieden ten opzichte van een klassieke toevalsbeweging. Dit betekent dat als een klassieke
toevalsbeweging één miljoen stappen nodig heeft, de bijbehorende kwantum toevalsbe-
weging slechts duizend stappen nodig heeft, want 1/1.000.000 = 1.000. In dit proefschrift
zoeken we naar manieren om deze techniek te verbeteren en mogelijk een exponentiéle
snelheidswinst te behalen, terwijl de oorspronkelijke intuitie behouden blijft. Met andere
woorden: kunnen we de efficiéntie van kwantum toevalsbewegingen vergroten zonder
de basisprincipes van toevalsbewegingen en elektrische netwerken los te laten? In dit
proefschrift laten we zien dat het antwoord hierop ja is.

Eerst introduceren we in Hoofdstuk 4 het multidimensionale kwantum toevalsbeweg-
ingen raamwerk. Dit raamwerk maakt een nieuwe klasse van kwantum toevalsbewegin-
gen mogelijk, die wél een exponentiéle versnelling kunnen behalen. Dit gaat echter wel
ten koste van directe analogie met elektrische netwerken. Daarom generaliseren we in
Hoofdstuk 6 het concept van elektrische netwerken, zodat deze ook geschikt zijn voor
multidimensionale kwantum toevalsbewegingen. Hierdoor kunnen we de sterkte van
kwantum toevalsbewegingen behouden én de intuitieve link met elektrische netwerken
herstellen.

Een belangrijke toepassing van onze nieuwe kwantum toevalsbewegingen is een sneller
algoritme voor het volgende probleem: we krijgen een lijst met n getallen en we moeten
bepalen of er ergens k identieke getallen in voorkomen. Neem als voorbeeld n = 100
en k = 2. Voor Kklassieke algoritmen is dit probleem niet erg efficiént op te lossen. In
het slechtste geval moeten we bijna de hele lijst doorzoeken: als we 99 getallen hebben
bekeken, kunnen we nog steeds niet uitsluiten dat het laatste getal een dubbeltelling
oplevert. Dit betekent dat klassieke methodes bijna altijd een groot deel van de lijst
moeten doorzoeken. Kwantumalgoritmen kunnen dit echter veel efficiénter aanpakken
en onze aanpak is te zien in Hoofdstuk 5.
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Beperkingen van kwantumalgoritmen

Het ontwerpen van snellere kwantumalgoritmen om rekenproblemen efficiénter op te
lossen is een interessant en waardevol onderzoeksgebied. Het is echter net zo nuttig
om de grenzen van kwantumalgoritmen in de kaart te brengen. Niet alleen is de beschik-
baarheid van kwantumhardware van belang, maar vooral ook de tijd van onderzoekers.
Dit wordt gedaan door wiskundig te bewijzen dat de uitvoertijd van elk kwantumalgoritme
dat een bepaald probleem oplost niet lager kan zijn dan een bepaalde ondergrens. Met
andere woorden, we tonen aan dat geen enkel kwantumalgoritme het probleem sneller
kan oplossen dan deze limiet toestaat. Hoewel deze zogenaamde no-go resultaten miss-
chien minder spectaculair lijken, spelen ze een cruciale rol: ze helpen vast te stellen welke
snelheidswinsten wel en niet mogelijk zijn.

Voor klassieke algoritmen is het vaak intuitief mogelijk om dit soort ondergrenzen
te bepalen. Stel dat iemand wil inschatten hoeveel tijd nodig is om dit proefschrift te
begrijpen. Een simpele aanpak zou zijn om te berekenen hoeveel tijd nodig is om een
enkele pagina volledig te begrijpen, en dit te vermenigvuldigen met het aantal pagina’s.
Dit geeft een ruwe ondergrens, maar het is niet perfect: sommige pagina’s zijn moeilijker
en kosten meer tijd dan de gemakkelijkste pagina. Ditzelfde principe wordt gebruikt bij
het analyseren van de complexiteit van algoritmen.

In de kwantumwereld werkt het bepalen van ondergrenzen anders dan in de klassieke
context. Een “kwantumlezer” zou in theorie meerdere pagina’s tegelijk kunnen lezen in
superpositie of de inhoud van een stelling verstrengelen met de uitleg ervan. Hierdoor
zou informatie efficiénter verwerkt kunnen worden dan klassiek mogelijk is. Dit weer-
spiegelt een fundamentele balans tussen kracht en intuitiviteit: kwantumcomputers kun-
nen bepaalde taken sneller uitvoeren, maar het analyseren van hun limieten wordt hier-
door ingewikkelder. Deze balans zien we terug in de technieken die worden gebruikt om
kwantum ondergrenzen te bewijzen. Hoewel sterkere technieken striktere ondergrenzen
geven, zijn ze vaak wiskundig complexer en minder intuitief.

In het tweede deel van dit proefschrift onderzoeken we technieken om kwantum on-
dergrenzen vast te stellen. We richten ons specifiek op de compressed oracle techniek, die
opvalt omdat hij sterke ondergrenzen afleidt op een intuitieve manier, maar helaas slechts
in beperkte situaties toepasbaar is.

Wij introduceren een nieuwe methode, die bestaande methodes verbindt met de com-
pressed oracle techniek, waardoor het afleiden van ondergrenzen intuitiever en toeganke-
lijker wordt. Daarnaast biedt deze verbinding nieuwe mogelijkheden om de compressed
oracle techniek uit te breiden naar een breder scala aan problemen.
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