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Abstract

In the thesis, we use a recently developed tight characterisation of quantum query com-
plexity, the adversary bound, to develop new quantum algorithms and lower bounds. Our
results are as follows:

We develop a new technique for the construction of quantum algorithms: learning
graphs.

We use learning graphs to improve quantum query complexity of the triangle detection
and the k-distinctness problems.
We prove tight lower bounds for the k-sum and the triangle sum problems.

We construct quantum algorithms for some subgraph finding problems that are optimal
in terms of query, time and space complexities.

We develop a generalisation of quantum walks that connects electrical properties of a
graph and its quantum hitting time. We use it to construct a time-efficient quantum
algorithm for 3-distinctness.
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Introduction

Quantum computing The Church-Turing thesis asserts that any physically admissible computational
device can be simulated by the Turing machine. This is a kind of statement that is hard to prove, because
the notion of a physically admissible computational device is not even well-defined. Nonetheless, the
Church-Turing thesis is widely believed to be true. In practice, this means that one device suffices to
solve all computational problems: a general-purpose computer.

A stronger form of the Church-Turing thesis asserts that this simulation is efficient: If the computation
requires n elementary operations on some hypothetical physically admissible device, then it can be
performed by the Turing machine in time polynomial in . The stronger form of the thesis seems plausible
for computational devices based on classical laws of physics, but it fails for quantum mechanics.

In 1980, Feynman [57] proposed a general-purpose quantum computer as a tool for simulating quan-
tum physics. With such a computer at hand, it would be possible to efficiently simulate all processes in
quantum mechanics regardless their nature. Clearly, this device would have a vast range of applications.

But this situation can be observed from a different perspective. If a general-purpose quantum com-
puter outperforms classical computers in the task of simulating quantum physics, can it be more efficient
for other computational problems as well? The field of quantum computation deals with this question.
Initially, this was a very narrow area of research, featuring speed-ups for some esoteric problems like the
Deutsch-Jozsa problem [51] and the Simon’s problem [123]. The situation changed dramatically after the
discovery of polynomial (in the number of bits) quantum algorithms [122] for integer factorisation and
discrete logarithm by Shor in 1994. For comparison, the best known classical algorithm is the general
number field sieve [88] that has complexity eé(”l/g), where n is the number of bits of the number being
factorised. Ome year later, in 1995, Grover discovered a quantum algorithm for the OR function [62].
Although the Grover’s algorithm gives a mere quadratic speed-up, the scope of possible applications is
much broader.

Understanding the power and limitations of quantum computation is a task of great practical impor-
tance. Quantum computing seems to be at the very boundary of what the nature, as we understand it
now, allows us to compute efficiently. Discovery of new algorithms may result in practical tasks performed
more efficiently. What is even more important, computational problems that are infeasible for quantum
computers can serve as a solid cornerstone of future cryptography. Most of the modern cryptography is
based on the RSA and elliptic curve algorithms and is vulnerable to quantum computers.

On quantum speed-ups Quantum computation is similar to randomised computation. The difference
is that the probabilities are replaced by amplitudes. The amplitude is a complex number, and the square
of its absolute value gives the probability. While the randomised computation is linear in the probabilities,
the quantum computation is linear in the amplitudes. This gives two main sources of speed-ups.
Firstly, amplitudes may be negative. Combined with a positive amplitude of the same absolute value,
they annihilate, resulting in the zero probability of the corresponding outcome. This kind of effect is
widely used in practice. For example, consider a glass lens in an optical system. When a ray of light
enters the lens, part of the light is reflected back. This reflection, described by Fresnel equations, is
inevitable. However, by putting a thin film on the top of the lens, it is possible to achieve that the light
reflected from the surface of the film has the amplitude opposite to the light reflected from the surface
of the glass (see Figure[ll). Then, both rays of light cancel out, and, as a result, more light pass through
the lens. This technology is known as anti-reflective coating, and is used in every camera nowadays.
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Quantum algorithms aim to use similar cancelling techniques: The
amplitudes of outcomes that are not interesting are mutually can- Ve
" ny
e

3] o=

celled, that boosts the probability of observing the outcome of in-
terest. At one step, the success probability may be boosted by a . _
constant factor, that gives an exponential speed-up. Main examples N/

of such speed-ups are given by the quantum Fourier transform, and

the algorithms based on it. This includes the aforementioned Simon’s

and Shor’s algorithms. However, in order to ensure proper cancelling,

the problem must have a lot of structure.

The second reason for quantum speed-ups is that quantum com- R )
putation is linear in the square roots of probabilities. For instance,
suppose we have n elements, one of which is marked. Our goal is to R,
find the marked element. We assign equal amplitudes of 1/y/n to all
of them. When observed, this still gives the probability 1/n for each Figure 1: Anti-reflective coating.
element. But assume that we can add the average amplitude of the (Figure courtesy of Wikipedia.)
states to the marked element. This is a linear transformation. After
v/n additions, we obtain the amplitude approximately equal to

\/n times
1 1 1
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This gives a very vague explanation of why the Grover’s algorithm attains quadratic speed-up. We will
cover it in more detail in Section

In the thesis, we consider the second type of quantum speed-ups, analysing how the linearity in
the square roots of probabilities may be translated into a computational speed-up. Compared to the
speed-ups of the first type, this research is mostly theoretical. If modestly-sized quantum computers are
constructed in the near future, it is unlikely they will be able to outperform classical computers using
only a quadratic speed-up. However, the field of quantum computation in general may benefit from this
type of research. By studying quantum computation for general, unstructured problems, we understand
its fundamental properties. And this may help in the construction of quantum algorithms for structured
problems. Another reason is that we can prove strong lower bounds in these settings.

n,

Query algorithms Query complexity is the main point of interest in the thesis. That is, we assume
that all computational operations besides accessing the input string are free of charge. A large part of
quantum algorithms are developed in these settings. This may see as an arbitrary assumption at first,
but there is a number of reasons to study query complexity.

Firstly, proving strong unconditional lower bounds on computational problems is very hard even in
the deterministic settings. For instance, there is still no super-linear circuit lower bound known for any
problem in NP. Considering only accesses to the input string, makes the problem more accessible, and
we are able to prove some tight lower bounds. As it is common in science, there is a hope that intuition
gathered in the study of this simplified problem will be of help for the general problem.

Secondly, query problems that are feasible for quantum computers but are not for the classical
ones, indicate the potential source of quantum speed-ups. The corresponding problems may be either
implemented time-efficiently, as we do it in Part III of the thesis, or serve as a subroutine for other
computational problems. For instance, the query problem of period finding serves as the main building
block in the time-efficient Shor’s factoring algorithm; the Grover’s algorithm for the OR function provides
a generic quadratic speed-up for any algorithm based on exhaustive search.

Quantum query complexity is a popular area of research. As we will see in Chapter [3], in some aspects,
it is studied better than randomised query complexity. In particular, Reichardt [I09, 110] has shown
that a relatively simple optimisation problem, the (general) adversary bound [67], gives a tight (up to a
constant factor) characterisation of quantum query complexity. The adversary bound is a semi-definite
optimisation problem that comes in two forms: the primal and the dual. Any feasible solution to the
primal problem yields a lower bound on the quantum query complexity, whereas any feasible solution to
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the dual problem can be converted into a quantum query algorithm. Strong semi-definite duality implies
that the optimal values of the two problems coincide. For instance, using this technique, it is possible
to obtain tight quantum query algorithms for iterated functions (see Section B:33]). No such result is
known for randomised query complexity.

Brief description of the results The main problem of the thesis can be formulated as follows:
Is it possible to construct new quantum query algorithms using the dual adversary bound? By the
results of Reichardt, we know that any quantum query algorithm admits a description in terms of the
dual adversary bound. But few explicit examples were known at the time we started our work on this
problem.

Most quantum algorithm utilising the second sort of quantum speed-up (as described above) are
based on quantum walks, and, in particular, on quantum walks on the Johnson graph that we describe
in Chapter 2l Based on the adversary bound, we developed a new computational framework of learning
graphs. Learning graphs are more flexible than quantum walks on the Johnson graph. They require
simple combinatorial reasoning, in contrast to general quantum walks that require spectral analysis of the
underlying graph. Using learning graphs, we improved quantum query complexity of various landmark
problems such as triangle detection and k-distinctness. Using similar techniques, we developed optimal
quantum query algorithms for detecting whether the input graph contains a path or a subdivision of the
claw of fixed size.

In process of this research, two additional lines of research emerged. The first one is to convert the
dual adversary bounds we have constructed into the corresponding primal adversary bounds, and, hence,
lower bounds on quantum query complexity. This task can be approached using semi-definite duality,
but it is not trivial, because the dual solutions we have obtained are not optimal: They are off by a
constant factor. In this way, we managed to obtain tight lower bounds for the k-sum and the triangle-sum
problems.

Another task is to obtain time-efficient implementations of the constructed algorithms. The dual
adversary bound only gives a query-efficient algorithm. But, if the solution is sufficiently uniform, it is
sometimes possible to implement the algorithm time-efficiently. In order to do this, we had to drop the
adversary SDP and use related techniques such as span programs and the effective spectral gap lemma.
We obtained time-efficient implementations for the path- and claw-detection problems, as well as for
3-distinctness.

Publications The results of the research within the thesis are reflected in the following publications:

1. Aleksandrs Belovs.
Span Programs for functions with constant-sized 1-certificates.
In Proceedings of the 44th ACM Symposium on Theory of Computing (STOC 2012), pages 7T7—84,
2012.

2. Aleksandrs Belovs and Ben W. Reichardt.
Span programs and quantum algorithms for st-connectivity and claw detection.
In Proceedings of the 20th Annual European Symposium on Algorithms (ESA 2012), volume 7501
of Lecture Notes in Computer Science, pages 193—204, Springer, 2012.

3. Aleksandrs Belovs.
Learning-graph-based quantum algorithm for k-distinctness.
In Proceedings of the 53rd Annual Symposium on Foundations of Computer Science (FOCS 2012),
pages 207—216, 2012.

4. Aleksandrs Belovs and Robert Spalek.
Adversary lower bound for the k-sum problem.
In Proceedings of the 4th Innovations in Theoretical Computer Science conference (ITCS 2013),
pages 323—328, 2013.
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5.

Aleksandrs Belovs and Ansis Rosmanis.

On the power of non-adaptive learning graphs.

In Proceedings of the 28th IEEE Conference on Computational Complexity (CCC 2018), pages
44—55, 2013.

Best student paper award.

Aleksandrs Belovs, Andrew M. Childs, Stacey Jeffery, Robin Kothari and Frédéric Magniez.
Time-efficient quantum walks for 3-distinctness.

In Proceedings of the 40th International Colloguium on Automata, Languages and Programming
(ICALP 2018), Part I, volume 7965 of Lecture Notes in Computer Science, pages 105—122,
Springer, 2013.

The results were presented by the author at the following international conferences and workshops:
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10.

11.

12.

13.

Quantum Computer Science (QCS) Project Workshop, Riga, Latvia, May 2011.
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Recent Progress in Quantum Algorithms Workshop, Waterloo, Canada, April 2012.
Presentation: Quantum algorithms for the k-distinctness problem.

The 44th ACM Symposium on Theory of Computing (STOC 2012), New York, USA, May 2012.
Presentation: Span programs for functions with constant-sized 1-certificates.

Device-Independent Quantum Information Processing (DIQIP) & Quantum Computer Science
(QCS) Joint Meeting, Castelldefels, Spain, June 2012.
Presentation: Adversary lower bound for the k-sum problem.

The 20th Annual European Symposium on Algorithms (ESA 2012), Ljubljana, Slovenia, September
2012.
Presentation: Span programs and quantum algorithms for st-connectivity and claw detection.

The 2nd Joint Estonian-Latvian theory days, Medzabaki, Latvia, October 2012.
Presentation: Learning graphs and quantum query algorithms.

The 53rd Annual Symposium on Foundations of Computer Science (FOCS 2012), New Brunswick,
USA, October 2012.
Presentation: Learning-graph-based quantum algorithm for k-distinctness.

The 16th Quantum Information Processing workshop (QIP 2013), Beijing, China, January 2013.
Presentation: Adversary lower bound for the k-Sum problem.

The 16th Quantum Information Processing workshop (QIP 2013), Beijing, China, January 2013.
Presentation: Learning-graph-based quantum algorithm for k-distinctness.

Quantum and Crypto Day 2013, Riga, Latvia, April 2013.
Presentation: Proving lower bounds for quantum algorithms.

Quantum Computer Science (QCS), Device-Independent Quantum Information Processing
(DIQIP) & Quantum Algorithmics (QAlgo) Joint Meeting, Paris, France, May 2013.
Presentation: Negative-weight adversaries for element distinctness and beyond.

The 40th International Colloquium on Automata, Languages and Programming (ICALP 2013),
Riga, Latvia, July 2013.
Presentation: Time-efficient quantum walks for 3-distinctness.
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Organisation of the thesis The thesis is divided into three parts. In Part I, we describe the previous
results our thesis is built on. In Chapter [[l we define the model of quantum computation, develop some
basic tools, and define the important notion of query complexity. In Chapter 2l we overview quantum
algorithms based on quantum walks. The chapter gives some tools used later the thesis, like the quantum
phase detection subroutine, but mainly describes previous algorithms we improve on in the next parts of
the thesis. Chapter [is the main chapter of the first part. In this chapter, we overview main techniques
for proving lower bounds on quantum query complexity: the polynomial and the adversary methods.
The adversary method is the main technical tool used in the second part of the thesis, and many ideas
from Chapter B will be used in Part III.

Parts II and III of the thesis contain original research. In Part II, we grouped algorithms that attain
improvement only in the query complexity settings. Part III features algorithms for which we are able
to develop time-efficient implementations.

Part II contains Chapters[d and[Bl In Chapter[d] we consider algorithms based only on the certificate
structure of the problem. We define the computational model of a learning graph that can be converted
into a quantum query algorithm and apply it to problems like triangle detection and associativity testing.
Also, we prove tight lower bounds for the k-sum and the triangle-sum problems. In Chapter[l we describe
algorithms beyond the certificate structure framework. We obtain new quantum query algorithms for
the k-distinctness problem and a special case of the graph collision problem.

Part III contains Chapters[f and[7l In Chapter[f, we use span programs to develop optimal quantum
algorithms for the st-connectivity problem, as well as path and claw detection. In Chapter[1 we develop
a more flexible variant of quantum walks and use it to construct a time-efficient quantum algorithm for
the 3-distinctness problem.

Finally, Appendix lists some basic technical results from linear algebra and semi-definite optimisation
we use in the thesis.
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Chapter 1

The Model

In this chapter, we describe our quantum computational model used throughout the thesis. It is obtained
by “quantisation” of the corresponding deterministic model, similarly to the randomised model that
is obtained by randomisation. Throughout the chapter, we consider all these three models, stressing
similarities and differences between them. We assume familiarity with deterministic and randomised
computation.

In Section [T, we describe the mathematical model of the state of a computational device, and, in
Section [[L2] we describe what kind of operations can be applied to these states. This is enough for the
large part of the thesis dealing with query complexity. However, for some tasks, we will be interested in
operations that can be performed efficiently. Sections [[.3] and [[L4] deal with this question: The first one
describes a popular model of quantum circuits, and the second one deals with a more sophisticated model
of quantum RAM. Also, in Section [[L4] we introduce the pseudocode notation we use for the description
of quantum algorithms. Section deals with the computational process from another perspective: the
task being solved. We describe what it means for a function to be computed by a quantum computer.
Also, we list different variants of quantum subroutines, their specifications, and mutual relationships.

Section [[LG] introduces the notion of query complexity that is of fundamental importance for the whole
thesis. This is a simplified notion of computational complexity where only the number of accesses to the
input string is counted, whereas all other operations are considered free. Also, the section defines the
important notion of certificate complexity and defines a list of functions we will use later in the thesis.

1.1 Computational Devices

A computational device is modelled by a register. The register stores one of the possible states of the
device. The description of the state depends on the model of computation. In the deterministic settings,
the register stores one of a finite number of states. For simplicity, we label them by consecutive integers

from the set
[n] ={1,2,...,n}. (1.1)

This model can be used to describe usual computational devices like abacus or computers. We denote
registers by Latin letters in sans serif font like A or i.

Let A be a register storing one of the n elements from (LI). In the corresponding randomised or
quantum register, the state is described by a vector in the n-dimensional inner product space having the
elements in (L)) as its orthonormal basis. We use e; to denote the element of the basis corresponding to
the element . The vector space is called the state space and denoted by Ha. The set of elements in (L)
is called the computational basis. Sometimes, we also call them classical states.

If ) is a vector in Ha, we use |1))a to denote the fact that A stores the state ¢. In the current
and the next sections, we use this notation for both randomised and quantum states, to emphasise
the similarity between the two models. Everywhere else, this notation is strictly reserved for quantum
states. If the subindex is clear from the context, we omit it. As we will see in Section [[L2] many available
transformations are quantisations of the corresponding deterministic operations performed to the classical

14
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states. Thus, in contrary to customary linear algebra, elements of the standard (computational) basis
are of special importance. Because of that, we use a short-hand of |¢), instead of, say, |e;), to denote the
i-th element of the computational basis. By linearity, a state of A can be written as a superposition of
the classical states:

[¥) = aq|1) + @2|2) + -+ + ap|n). (1.2)

The main difference between the randomised and quantum models is the requirements on ays. In the
randomised case, «; is the probability of A being in state i. Thus, they are real and satisfy the following
condition:

al+ag+-+a, =1, and a; >0 forall i€ [n]. (1.3)

In the quantum case, «; is the amplitude of the state |i). Each «; is a complex number, and they satisfy
the following condition:
1 [ 4 fag|® + -+ |an[? = 1. (1.4)

A quantum register having [n]| as its computational basis is called an n-qudit. As a special case,
2-qudits are called qubits.

Many computational devices, like the Turing machine, assume potential infinity in the number of
states, thus assuring the ability to solve problem of arbitrary unbounded size. We, however, stick to the
point of view adopted in the circuit model: For each size of the problem, its own computational device
of finite size is constructed. Some notion of uniformity is then required: There must exist an algorithm
that, given the size of the problem, produces the description of the computational device. For most of
the upper bounds in the thesis, this is the case. Lower bounds, however, will be proven without any
uniformity assumptions.

Composed system Until now, we focused on a single computational system. However, a system
may have more complicated structure. The state may be composed from the states of some number of
subsystems. In this part of the section, we study the relation between the state of a composite system,
and the states of its subsystems.

Without loss of generality, it is enough to consider the case of two subsystems. Let A and B be two
deterministic registers with the set of states [n] and [m], respectively. The system composed by A and B
is denoted by AB. It is easy to see that the states of AB are

{G.g) li€ln], jelm]}. (1.5)

The randomised and the quantum cases may be obtained using the general transformation rule.
Applying it here, we get that the state space AB has the elements in (I5]) as its standard basis. In other
words, Hag = Ha @ Hg. If |)a and |¢)g are the states of the individual systems, we write |¢)a|d)s
instead of |¢ ® @)ag.

Randomised and quantum composed systems exhibit a new property compared to the deterministic
ones. While a state of the composed deterministic system () can be always represented as a com-
position of the states of the individual subsystems, this does not to be the case in the randomised or
quantum settings. For example, the following quantum state

)all)e + )Al2)B. (1.6)

1 1
—|1 —|2
el el
cannot be decomposed into |[)alp)g for any » € Ha and ¢ € Hg. Such quantum states are called
entangled, whereas states of the form [1))a|¢)g are called separable. This is akin to random events being
dependent or independent.

1.2 Evolution

In the previous section, we considered a static point of view, and described how a state of a computational
device looks like. In this section, we adopt a dynamic point of view, and describe how a state can change
in time. There are two possibilities: Either the system undergoes a transformation, or the state of the
system is observed.



CHAPTER 1. THE MODEL 16

Transformations Let the system be like in Section[I.Jl In the deterministic case, any function from [n]
to [n] is a valid transformation. In the randomised or quantum case, when a computational system evolves
without interaction with other systems, the state of the system (2] undergoes a linear transformation
1 — At that preserves the corresponding requirements (L3) or (T4).

The classes of transformations preserving these properties are well-known. In the randomised case,
the requirements are preserved if and only if A is a stochastic matrix, i.e., a matrix with non-negative
entries with each column summing up to 1. In the quantum case, this happens if and only if A is unitary,
ie., if AA* = I, where A* is the complex-conjugated transposed matrix of A and I is the identity matrix.
Since all unitary operations are invertible, we get the following

Observation 1.1. Any quantum transformation can be reversed.

This means that quantum analogues of deterministic operations must be revised to include the re-
versibility property.

The condition on the system not to interact with other systems is crucial in Observation [Tl For
instance, consider the following transformation of a composed quantum system AB:

Dl = [1)al1l)8, [D)al2)e = [2)al1)8, 12)alL)s = [1)al2)8, 12)a12)B = [2)a]2)8.

This is a perfectly valid quantum operation that swaps the states of registers A and B. However, both
|1)g and |2)g are mapped to |1)g in the first two cases. This cannot be achieved by a unitary operator.

Observation 1.2. In general, a randomised or quantum state cannot be copied. This means, the
transformation [1)a|0)g — [¢)alt))g that works for any ¢ € Ha cannot be implemented. Here, |0)g is
some fixed state.

Proof. Assume we have such a transformation that copies a randomised state 1, and assume A is at least
2-dimensional with 1 and 2 being two possible deterministic states. The transformation must satisfy
|1>A|O>B — |1>A|1>B and |2>A|0>B — |2>A|2>B Let ¢ = %(61 + 62). Then, by linearity, the state |1/J>A|O>B
gets mapped to 1 (|1)a|1)g+(2)a[2)g) that is different from [¢)a[1)g. It is a contradiction. The quantum
case is similar. O

In the case of composed systems, we sometimes use subindices to denote the register to which the
transformation is applied. For instance, for a composed register AB, we write Ap for A ® I = Ap ® Ig,
where Ig is the identity operator on B. Similarly, Ag = I ® A = Ip ® Ag.

Remark 1.3. As any complex number can be interpreted as a vector in a real linear space of dimension
2, we may assume, if needed, that the amplitudes in (I.4) are real, and that all transformation are real
unitary matrices (also known as orthogonal matrices).

Measurement In the deterministic case, the measurement of the state does not affect the system.
In the randomised and quantum cases, the situation is different. Measurement falls under the scope of
interactions of a system with other systems, and, hence, the requirements from the previous paragraph
need not to be obeyed. In particular, measurements are not reversible.

We consider a general case of measuring a part of the system. Let the device be represented as a
composition of two registers A and B as in Section [Tl where the second one is measured, and the first
one is not. Thus, prior to the measurement, the state of the system has the following form:

) =D ai;

i=1 j=1

i)alj)e-

In the randomised case, the second register is observed in the state |j)g with probability p; =
>, ;. Then, according to the law of conditioned probability, the system collapses to the state

1 O L
— > i jlialie.
Lt
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Informally, the part of the system inconsistent with the output is removed, and the remaining part is
scaled to satisfy the requirement (L3).

The quantum case is similar, and Condition (L) gives a strong clue what the probability is: The
probability of observing the second register in the state |j)g is p; = >, | ;|*. If the outcome is j,
the system collapses to the state

\/1])7 Zai,j|i>A|j>B- (L.7)

For the situation as above, let H,(Bi ) denote the orthogonal projector Ia ® (e;ef) where Ip is the identity
operator on A. In these notations, the probability of observing i in register B is p; = ||H(Bz)w||27 and the

state (7)) becomes Hg)w/\\ﬂg)w|| after the collapse.

However, there is a crucial difference between the measurement of the state in the quantum and
randomised settings. In the randomised case, the state prior to the measurement can be easily recon-
structed by merely ignoring the output. This is no longer true in the quantum case: If one performs a
measurement and ignores the outcome, he will get a probabilistic mixture of the quantum states, but
not the original state. Such probabilistic mixtures are called mized states. We will not develop the
corresponding formalism here.

Note that the same thing happens if the system is observed by anyone, in particular, by the environ-
ment. This effect, known as decoherence, is the main source of noise in quantum computation and the
main obstacle in the construction of large scale quantum computers.

1.3 Circuits

In the previous section, we described which operations can be performed on a computational device in
principle. This is sufficient for the most part of the thesis, which deals with query complexity. But, we
will occasionally consider time complexity as well. Therefore, we need to clarify the operations that can
be performed on a quantum computer efficiently. This section and the next one are devoted to this issue.
The circuit model we consider here is one of the most popular.

A gate U is a unitary transformation applied to a register X of small size. The register X usually is
a composition of several qudits. Assume we have fixed a set of elementary gates that is independent of
the problem being solved.

Let R be the set of the registers of a computational device, and let R be the composition of all the
register in R as described in Section[I.Il An application of the gate U is defined as the unitary Ua, where
A is the composition of a number of registers in R equal to X (consisting of qudits of the same sizes and
in the same order).

Circuits will be usually denoted by calligraphic capital Latin letters. The description of a circuit C
consists of a set of registers R, and a sequence of applications of gates P. The circuit C defines a unitary
transformation on R as the product of all the gate applications in P. We use the same letter C to denote
this transformation. The size of the circuit is the length of the sequence P. We say that a unitary U on
R can be implemented by a circuit of size s if there exists a circuit € of size s such that € = U ® I where
I is the identity operation on some additional temporary register.

Let (U,) be a family of unitaries that depend on some parameter n = 1,2,..., and let (C,) be a
family of circuits such that C,, implements U, for all n. We say that the family (C,) is uniform if there
exists a deterministic Turing machine that, given n, outputs the description of C,, in time polynomial in
n.

We will describe two circuit models: the low level and the high level. In the low level model, all
the registers in R are qubits. In the high level model, the registers are qudits, and elementary gates
are the ones that can be decomposed into a small number of gates acting on qubits. Any high level
model can be simulated by the low level model with some expenses. High level models facilitate to think
algorithmically.
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Low Level At the low level, a deterministic device is considered as consisting of bits—registers having
only two possible states: 0 and 1. The bits can be combined to store an arbitrary large finite number of
states as described in Section [[LT1 Elementary gates are the operations that act on a bounded number
of bits. It is known that any transformation can be decomposed into a sequence of gates acting on two
bits only. In fact, the NAND gate alone suffices.

The randomised case is similar to the deterministic one with an additional operation of tossing a coin
that produces a random bit. The coin may be unbiased, and produce both 0 and 1 with probability 1/2.
Or, it may have a bias, and produce 1 with probability p, and 0 with probability 1 — p for some real p
between 0 and 1. A coin of any bias may be approzimated to arbitrary precision using unbiased coins.

1 000
0)[0 0)0Y, [0)[1 0)[1
Controlled NOT 0 10 (1) 10)]0) = 10)[0),  [0)[1) = [0)]1)
000 1)[0) = [1)[1),  [1)[1) = [1)]0)
0010
1 _ 0) =~ ==|0) + J=|1)
Hadamard - G 1l> ﬁl \/51
V2 1) = —J510) + Z51)
1 0 |0) — 10)
i 0 e’”“) 1) = em/3[1)

Table 1.1: Elementary quantum gates that can be used to approximate any unitary transformation to
arbitrary precision.

The situation in the quantum case is similar to the randomised one.

Theorem 1.4 (Universality [108, [35]). Any unitary operator can be represented as a circuit with gates
acting on one or two qubits only. Also, it can be approximated to arbitrary precision using the gates from

Table 11

We give some well-known quantum gates in Table The biased coin gate is defined for any real
p between 0 and 1. For p = 1/2, this is the Hadamard transformation from Table [Tl The SWAP gate
can be used to exchange the content of any two registers of equal sizes.

NOT (3 o) 0) 1), 1) = 10)
10 0 0
- 00 10| 00 =00, 0110
P 01001 i) o)), DI = D)

p-BiasedCoin

E

=
|
hS]

- 1—p> 0) = P [0) +VI—p 1)
VP 1) = =vI=p[0)+p[1)

1 0 0) = 10)

Conditional e?-phase : .
’ 1) e €91

N
o

Table 1.2: Some other quantum gates
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High Level We assume the registers are composed of qudits. Each qudit can be simulated by a number
of qubits: [log, ¢] qubits can cimulate a g-qudit. We say that a gate acting on qudits is efficient if it can
be implemented as a circuit acting on qubits and having size polynomial in the number of qubits, i.e.,
polylogarithmic in q.

We use the following general principles of constructing quantum circuits. We refer the reader to [103],
for a more detailed exposition of these results.

Lemma 1.5 (Reversibility). If a unitary operator U can be implemented by a quantum circuit, the
inverse operator U~' can be implemented by a quantum circuit of the same size.

Lemma 1.6 (Quantum Simulation of Deterministic Calculation). Suppose a transformation
f:4{0,1}" — {0,1}™ can be implemented by a deterministic circuit of size s acting on classical bits.
Let A and B be quantum registers composed of n and m qubits, respectively. Then, the transformation
that maps |z)a|0)s to |x)alf(x))s can be implemented by a quantum circuit of size O(s) acting on qubits.

Lemma is very important since it allows us to perform arithmetical operations, comparisons, and
other elementary operations on quantum data. We will use this lemma very often and without an explicit
reference.

Let A be a register, and B stores a qubit. The conditional operation is defined as the following
transformation:

[¥)al0)8 = [¥)al0)s,  and  [)all)s = [U)a[L)e,
where ¢ € Ha. The corresponding matrix is
I 0
0 U/’

Lemma 1.7 (Conditional Operations). Assume a unitary transformation U on A can be implemented
by a quantum circuit of size s. Then, the conditional operation on the composed register AB can be
implemented by a quantum circuit of size O(s).

1.4 Quantum RAM

This section describes the main model for time-efficient quantum computation we use in this thesis: a
classical random access machine (RAM) with the ability of manipulating quantum data. The set of
elementary quantum gates is the same as in Section [[L3l The classical program determines which gates
and to which registers are applied. The classical program can get feedback from the quantum data by
performing measurements as described in Section[[.2l Also, in contrast to the circuit model, the quantum
RAM can time-efficiently access elements of arrays (either classical, or quantum).

In this section, we also define the pseudo-code used in the description of quantum algorithms in this
thesis. In many cases, this is just a way of presenting an algorithm, and the same transformation can
be performed by a quantum circuit in the same cost. However, in some cases, we require additional
operations provided by the quantum RAM, e.g., quantum arrays. Then, the complexity of the quantum
RAM is smaller than the complexity of the circuit.

We consider three types of resources: time, space and query complexity. The time complexity is the
number of elementary gates applied by the program. The space complexity is the number of bits and
qubits used by the program. The query complexity will be discussed in Section

Registers The memory of a quantum RAM is composed of a number of registers and arrays. Registers
were described in Section [[LT] and arrays will be described later. The number of registers depends on the
problem, but not on the size of the input. The sizes of the registers, however, may depend on the size of
the input. Similarly, the number of arrays does not depend on the size of the input, but their sizes and
the sizes of their elements may depend on it.

A register can be either classical or quantum. Moreover, for any register, its status (being classical
or quantum) may change by time. The gates applied by the quantum RAM may only depend on the
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content of the classical registers. But the content of the quantum registers may influence the quantum
RAM indirectly via measurements. The quantum RAM may perform quantum gates on registers as
described in Section [[L3] measure quantum registers, and perform random memory accesses as described
later.

If a quantum register A is measured, the outcome is obtained and the state of the quantum RAM
collapses as described in Section[[.21 We assume that register A becomes classical, and stores the outcome
of the measurement. And reversely, any classical register A can be made quantum by applying a quantum
operation on it. If the content of the classical register is a, the initial state of the quantum register is
|a)a-

We adopt the following font usage to denote registers of different types in the pseudo-code. Variables
typed in italics, e.g. a or i, denote registers whose content depends only on the size of the input string,
but not on content of the input string. These registers may be interpreted as a part of the deterministic
program proving uniformity of a family of circuits, as in Section [[L3] Registers typed in sans serif, e.g.
A or b, store information that depends on the input. If a register is in the quantum state, we underline
it in the pseudo-code like this: A.

Arrays Recall that the classical random access machine got its name due to the ability to access
elements of arrays in one computational step. In the quantum RAM, we have four types of arrays.

Classical Random Access Classical Memory (CRACM) These are conventional classical arrays.

Quantum Random Access Classical Memory (QRACM) This is a CRACM with the additional
quantum random read-only access as follows. Assume A is a QRACM of size m, i is an m-qudit,
and O is the output register of the same type as the elements of A. Both i and O are quantum.
Then, the random access operation O +— A[i] transforms |¢)i|z)o into |i)i|x + A[i])o where A[i]
is the content of A[i]. The addition, as usually, is performed modulo the size of O.

Classical Random Access Quantum Memory (CRAQM) Given an array A consisting of quan-
tum registers, a quantum register O of the same size, and a classical register i, the random access
operation applies the swap gate to A[i] and O.

Quantum Random Access Quantum Memory (QRAQM) This is the same as CRAQM, but the
register i may be quantum. The action of the random access operation is extended by linearity.

If A is an array, we use A[i] to denote the ith register in the array. We often use notation
U152, ..., Ym)a instead of [Y1)apy -« [Ym)Apm]-

We use different kind of arrays because they have different difficulties of implementing in hardware.
Classical arrays are already available. QRACM is easier to implement than CRAQM because it does not
require to store quantum data. CRAQM are similar to quantum registers. Finally, QRAQM is the most
complicated type of resource. Luckily, we will seldom require it.

Pseudo-code We will use a python-type pseudo-code to describe programs for quantum RAM. We
use usual classical directives such as if, for, while, repeat, return and execution of functions and
procedures. We assume that the reader is familiar with all these directives. We use < to denote
assignment and uses to list classical registers used by a classical subroutine. Additionally, we use some
quantum directives to manipulate quantum data. Here, we give a list of the directives. Some of them
are described here. For others, we refer to Section where we describe quantum subroutines.

quprocedure <name>(<list of arguments>) with <modifiers>  Starts the description of a quan-
tum procedure. See Section[[5.1] The optional modifier part includes some additional information
like the precision of the quantum procedure.

qufunction <name>(<list of arguments>) with <modifiers>  Similar as quprocedure, but for
quantum functions. Refer to Section [L5.2] for more details.

attach <type> <quantum register> Adds a new quantum register of the specified type in the initial
state. The initial state is denoted by 0. It is an easily distinguishable deterministic state of the
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register. The initial state of a composed register is the tensor product of the initial states of its

subregisters: |0)ag = [0)a[0)g. The new register is initially separable from all other quantum
registers.
detach <quantum register> Removes the specified quantum register. It assumes that the register

is separable from the remaining quantum registers. A quantum procedure is required to detach all
quantum registers it has attached.

conditioned on <condition> : commands  Applies the commands if the condition is true as de-
scribed in Lemma [[77

measure <quantum register> Measures the specified quantum register as described in Section
The register becomes classical and stores the result of the measurement. The state of the quantum
RAM collapses accordingly.

<gate or procedure>(<parameters>) with <modifiers> Applies a quantum gate or a quantum pro-
cedure. The parameters is a list of registers with types matching the definition of the procedure
or the gate. Optional modifiers contain some additional information like the required precision of
the subroutine, see Section

<gate or procedure>~!(<parameters>) Applies the reverse of the given quantum gate or a quantum
procedure, see Lemma,

<quantum register><i<expression> with <modifiers> Adds the value of the expression to the
content of the quantum register. Denote the quantum register by A. Assume A is an {-qudit for
some £, and its state is an element of the computational basis, say |a). If the value of the expression
is b, the state of A changes to |a + b), where the addition is performed modulo ¢. For all other
states of A, the action is defined by linearity. The expression is not allowed to contain A. In this
case, this operation is reversible (cf. Observation [[T]). If the state of the register is not an element
of the computational basis, then the action of this operation is defined by linearity.

The expression may stand for a number of things. It can be an arithmetical expression or a simple
classical function involving quantum or classical registers, in which case Lemma [[.6]is applied. The
expression may be an element of a QRACM array as will be described later. Finally, it may stand
for a quantum function as described in Section

<quantum register><«— <expression> The reverse of the <— operation.

phase <i<expression> Evaluation of the quantum function into the phase. See Lemma [[.T(]

In addition to these commands, we use obvious shorthands. For instance, the condition in the
conditioned on directive may be an arbitrary expression involving quantum or classical registers distinct
from the registers used in commands. In this case, the value of the condition is calculated into a temporary
qubit, the conditioned commands are applied, and the calculation of the condition is reversed.

1.5 Subroutines

A subroutine is a cornerstone of a programming language. They allow one to divide a complex com-
putational task into a number of easier ones that can be solved independently. The behaviour of each
subroutine is then described by a relatively simple specification.

We allow classical functions that are specified by the function directive. The classical function can
have classical and quantum arguments. Classical arguments are given by value: Their value is copied for
the subroutine, and a change of the argument in the function does not affect the value of the variable
outside it. Quantum arguments are given by reference: Any change to the argument affects the quantum
register outside the subroutine.

A quantum procedure is a limited version of a classical procedure. The reason for the limitations is
the ability to reverse the procedure. In particular, it is not allowed to measure quantum registers, or to
modify classical registers defined outside the subroutine.
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In this section, we continue the description of the pseudo-code we initiated in the previous section to
include the execution of quantum subroutines. We consider general quantum subroutines, and quantum
subroutines evaluating functions coherently and non-coherently. Additionally, we give a number of simple
lemmas dealing with various kinds of subroutines.

1.5.1 Procedures

A quantum procedure is a general quantum subroutine. The procedure may have quantum and classical
arguments. It implements some quantum transformations on its quantum arguments. The transforma-
tion may depend on the values of the classical arguments.

The specification of a quantum procedure U consists of a register A (the composition of the quantum
arguments), a system of orthonormal vectors ¥ = {41, ..., %, } C Ha, and the action of the procedure on
the elements of W: ¢; — Ut; € Ha. Clearly, the vectors Uy, ..., U, must be orthonormal. Usually,
the vectors 9); are the elements of the standard basis. The action of the subroutine in the span of ¥ is
then uniquely determined by linearity. We call the span of U the input subspace of the subroutine. It
may be a proper subspace of Ha. In this case, we interpret this as a promise that the initial state of the
subroutine belongs to the span of V.

Quantum procedures are defined in the pseudo-code using the quprocedure directive. The quantum
procedure is allowed to attach quantum registers, but, at the end, it has to detach all the registers it
has attached. This means that the state at the end of the procedure is of the form |wy)a|v)g where B is
the composition of all the attached registers and v does not depend on the initial state ¢ € ¥. We will
make this explicit by the use of the detach command at the end of the procedure.

Example 1.8 (Preparation of Uniform Superposition). As an example, consider preparation of the
uniform superposition. This is a very common quantum operation. Assume we have a register A that
stores an integer i between 0 and n — 1. At the low level, the register is represented as a CRAQM of
¢ > [logyn| qubits. The integer ¢ is stored in binary. The qubit A[¢] stores the highest bit of 4, and the
qubit A[1] stores the lowest bit of i.

The task is to transform |0)4 into the uniform superposition of all states |i)a for i € {0,...,n — 1}.
Thus, the input subspace is one-dimensional. For example, assume n = 5, and £ = 4. Using the low level
representation, the task is to transform |0, 0,0,0) into

1 1
7|1707070>A+ >A+75|171a070>A+

1 1
7 \/5\0,1,0,0 7 \/5|07071,0>A.

The pseudo-code of the corresponding procedure is given in Algorithm [[.J The algorithm works
recursively by applying the BiasedCoin gate (Table [.2) to distribute the amplitude between the binary
strings that begin with 0 and 1. The qubit flag stores a flag indicating that the binary string must be
processed by the subroutine. On each level of recursion, we attach a new register, and detach it before
finishing the procedure.

The procedure uses classical registers £ and n. Although the subroutine is quite complex, we call it
a quantum procedure because it is quite easy to construct a procedure for the reverse operation.

The number of elementary gates in Algorithm [Tl is polynomial in the number of qubits. We denote
the execution of the procedure by UniformSuperposition(A). In this case, the argument n is determined
by the size of A.

1
—10,0,0,0)a +
\/5| >A

Quantum procedures that perform their task with small imprecision are also acceptable. In this case,
we consider the description of the operator U in the previous paragraphs as a specification. We say that
a quantum procedure U d-approzimates U (or performs U with precision §), if |[Uyp — U] < § for all
1 in the input subspace of U. The following lemma describes how imprecision accumulates during the
execution of a program.

Lemma 1.9. Assume we have a quantum procedure A that applies a number subroutines Uy, Us, ..., Uy,
in this order. Moreover, for all k, the state of A before applying Uy belongs to the input subspace of Uy.
Let A’ denote the quantum procedure A with each subroutine U; replaced by a quantum procedure U; that
d;-approximates U;. Then, A’ (3, 0;)-approzimates A.
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Algorithm 1.1 Preparation of a Uniform Superposition

1: quprocedure UniformSuperposition(integer n, CRAQM array A[/{] of qubits) :
2: attach qubit flag

3: NOT(flag)

4: PreparationSubroutine(¢, n, flag)

5: detach flag o

6:

7 quprocedure PreparationSubroutine(integers ¢, n, qubit flag) :
8: ift#0and n#0: -
9: attach qubit f

10: ifn <201

11: conditioned on flag=1: f <— 1 — A[/]

12: PreparationSubroutine(¢ — 1, n, f)

13: conditioned on flag=1: f +— 1 — A[/]

14: elseif 2671 < n < 2¢:

15: conditioned on flag=1:

16: (271 /n)-BiasedCoin(A[/])

17: £ 1— A

18: PreparationSubroutine(¢ — 1, 2¢=1, f)

19: conditioned on flag =1 : NOT(f)

20: PreparationSubroutine(¢ — 1, n — 2¢71, f)

21: conditioned on flag =1: f «— A[/]

22: elseif n = 2¢ :

23: fori=1,...,¢:

24: conditioned on flag = 1 : Hadamard(A[i])
25: detach f o

Proof. We may assume A is the composition of the subroutines, i.e., A = U,,U,,_1 - - - U1 by treating all
gates between the subroutines as additional subroutines that are evaluated exactly. Let 1 be a state in
the input subspace of A. Denote by ¢ = UpU;_1--- Uiy and 9, = UgU;_1 - - - U19) the states of A and
A’ after k subroutines are applied. We have ¢g = 19 = 1, and

Px+1 — Vi1l = [Uk+10k — W1 k|| < | (Ukgr — W) Dkl + Uk t1(dr — i)l < k1 + | — Ykl

Here, the first inequality follows from the triangle inequality, and the second one holds because ¢y belongs
to the input subspace of Ug41. The result follows by induction on k. O

Usually, we will use capital Latin letters in italic font for specifications of quantum procedures, or
circuits that follow the specification exactly. Calligraphic letters will be used for actual circuits that
follow the specification approximately.

1.5.2 Functions

We are mostly interested in subroutines that calculate functions. Let A and ¥ be as in the previous
section, and let f: ¥ — [¢] be a function, where ¢ is some integer.

Coherent Evaluation We say that a subroutine U evaluates f coherently if it performs the transfor-
mation [¢)ali)o — [¥)ali + f(¥))o for all ¢ € ¥ and i € [¢], where O is an ¢-qudit. Recall that addition
in O is performed modulo ¢. We denote the execution of this subroutine by O s U(A). As for any
quantum procedure, we may consider approximate implementations of coherent function evaluations.
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Evaluation in the Phase If f has a Boolean output, there is another important variant of coherent
evaluation. We say that a quantum procedure U evaluates f: U — {0,1} in the phase if Ulp)a =

(=1)7W@)|ah)a for all ¢ € . We denote the execution of this subroutine by phase & U(A). In order
to distinguish this notion, we sometimes say that the standard coherent function evaluation, as in the
previous paragraph, evaluates f in the register. The following lemma shows that these notions are
interchangeable.

Lemma 1.10. Assume U is a quantum procedure that evaluates a function f: U — {0,1} in the register.
Then, there exists a quantum procedure that, given U, evaluates f in the phase. The procedure calls U
once and uses O(1) elementary gates.

Proof. The description of the subroutine can be found in Algorithm The operations in Line [l
transforms the initial state of the register b into (|0)p — [1)p) /v/2. Assume the register A contains a
vector ¢ € U. If f(¢») = 0, Line [ does not change the state of b, otherwise, it flips its sign. The sign
can be transferred to the content of A, thus allowing one to detach b afterwards. O

Algorithm 1.2 Evaluation of a function in the phase

1: quprocedure EvaluateInThePhase(quprocedure U, register A) :
2: attach qubit b

3: Hadamard(NOT(b))

£ b U(A)

5: detach b

Non-Coherent Evaluation Although coherent function evaluation is convenient for the executing
subroutine, it is not convenient for the executed subroutine. In order to simplify exposition of algorithms,
we describe an alternative specification of function evaluation. Moreover, this specification allows one to
increase the precision of a subroutine exponentially. We already start with the approximate version of
this specification. Note that it is different from that of a general subroutine.

Again, let f: U — [{] be a function, where ¥ C Hp is an orthonormal subset, and let O be the output
{-qudit. The subroutine attaches the working register W. We say the quantum subroutine A e-evaluates
function f, or evaluates f with error ¢, if, for all ¥ € ¥,

A ([$)al0)w[0)0) = [¥)alwy)wo  for some wy such that [T ey |2 > 1 ¢, (1.8)

where the projector Hg ) is defined in Section In particular, if the register O is measured after the
application of A, the probability of observing f(v) is at least 1 — e. We say that A evaluates f ezactly,
if e = 0. Note that the separability condition in ([L.§]) is only required for the elements of ¥. In general,
the state A (|¢)al0)w|0)o) will be entangled over all the three registers.

For functions with Boolean output, we can also define one-sided error. We say that A evaluates f
with one-sided error ¢ if, in addition to (L8], it holds that Hg)w¢ =0 for all ¥ € f=1(0).

We use the keyword qufunction to describe non-coherent function evaluation in the pseudo-code.
The output register O will be listed as the last register in the arguments of the function. We use the
keyword with to specify the size of the error and whether it is one-sided. If nothing is specified, we
assume that € = 0.

Classical Functions Similar definitions can be made for classical functions. We say that a classical
function evaluates a function f with error ¢, if the probability the function outputs f(¢), given |1)a, is
at least 1 — . Unlike quantum functions, the classical functions need not be reversible.
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Specification of a Program Let us define the specification of the whole program. Computational
tasks in the thesis will be stated as function evaluations. Let f be a function with domain D C [¢]" and
range [¢] for some integers N, ¢ and ¢. In this case, we write f: [¢]NY 2 D — [/].

Assume that the input string is z € D. For the jth element of z, we use notation z;, or z[j]. We call
zj input variable, or input element.

Given access to the quantum procedure InputOracle, the program has to evaluate f(z) with error
1/3. The InputOracle procedure has an N-qubit A as its argument and coherently evaluates the function
|7)a — z; for all j € [N]. For example, it could be a read-only QRACM array of length N containing
g-qudits.

We call the function total if D = [g]". Otherwise, the function is partial. In most cases, the output
of the function f is Boolean. In this case, we assume the range of f is {0,1}. We stick to the notational
convention that x denotes a positive input, and y denotes a negative input, i.e., x and y are such that
f(z) =1and f(y) = 0. If ¢ = 2, we also assume that each z; takes values from {0,1}. If ¢ = ¢ = 2, we
call the function Boolean.

Making Function Coherent Non-coherent evaluation is convenient for describing a subroutine, but
it is usually not sufficient for use in other subroutines, because the elements may fail to interfere due
to the working register. However, there is a general way of converting a non-coherent evaluation of a
function into a coherent one.

Lemma 1.11. Assume a quantum procedure A e-evaluates a function f: U — [{] for some e > 0. Then,
there exists a quantum procedure B that evaluates f coherently with precision /2. The procedure B uses
2 executions of A and O(log¥) 2-qubit gates.

Algorithm 1.3 Converting a non-coherent evaluation into a coherent one

1: quprocedure O & MakeCoherent(qufunction A, register A) :
attach the working register W and ¢-qudit O’

A(A,W,0")

00

A-L(A,W,0)

detach W, O’

Proof. The description of B is given in Algorithm Recall that U is a set of orthonormal vectors.
Let U be the specification of evaluating f, i.e., a unitary performing the transformation [¢)ala)o —
[VYala + f(¥))o for all ¥ € ¥ and a € [¢]. Denote by C be the copying circuit in Line @ Clearly, C
requires O(log ¢) 2-qubit gates.

For any ¢ € span ¥, we have

[ATICA (Ip)al0)woro) — U (I)al0)woro) [| = [[CA (|6)al0)woro) — AU (|¢)al0)woro) |l (1.9)
because A is unitary. Let, at first, ¢» € U. Then,
CA (|$)al0)woro) = [¥)a @ Y Balwa)wla)orla)o

a€ll)

for some complex numbers 3, satisfying >_, |3.|> = 1 and some unit vectors w,. Both 3, and w, depend

on 1. Moreover, |ﬂf(¢)|2 >1—¢, and,

AU ([$)al0)woro) = [¥)a @ > Balwa)wla)or|f(¥))o-
a€ll]
Thus,

CA ([¢)al0)woro) — AU ([¢)al0)woro) = [¥)a @ Z Balwa)wla)or (layo — | f(¥))o).
ac[l\{f(¥)}
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Denote the sum in the last equation by v,,. Since all |a)os are orthogonal, we get
logl>=2 D" [Bal* <2
ac[\{f ()}
Now let ¢ =3, cy @yt be an arbitrary unit vector in span W. Then, >°, |y |? = 1, and,
CA (16)al0)woro) — AU (|9)al0woro) = Y aylt)alvy)woro.
Yew

The norm of the last vector squared is at most 2e, hence, due to ([LA), B evaluates f coherently with
precision /2¢. O

Precision Amplification An important feature of non-coherent function evaluation is that the pre-
cision of the subroutine can be amplified. This is not always true for coherent function evaluation.

Lemma 1.12. Assume we have a quantum procedure A performing one of the following tasks non-
coherently:

e it c-evaluates a function f: U — [€] for some constant ¢ strictly less than 1/2;

o it evaluates a function f: U — {0, 1} with one-sided error ¢, where ¢ is a constant strictly less than

1.

Then, for each € > 0, there exists a quantum procedure B that e-evaluates f. The procedure B ezxecutes
A O(log(1/¢e)) times. If A has a one-sided error, then B has a one-sided error as well.

Algorithm 1.4 Precision Amplification for Non-Coherent Function Evaluation

1: qufunction PrecisionAmplification(qufunction A, registers A, O) :
2: attach CRAQM array O’ of /-qudits of length k

3: fori=1,....k:

4; A(A,O'[i])

5 0 <= Majority(0’)

Proof. Let us consider the two-sided error case first. The description of B is given in Algorithm [[41
Here, k is an integer to be specified later. In Line [ the majority of an input z € [¢]* is defined as the
entry in [¢] that appears among z1, ..., zx most frequently. If there are several such entries, we take the
smallest one.

Let 1) € U. Before the execution of the majority gate in Line Bl the state of the subroutine is

[V)alwy)wiigog) * - 1wy ) wikjosg|0)o-

Let M;, for ¢ € [k], be independent random variables, each of them equal to 1 with probability

Hg(w))wwﬂz > 1—¢, and to 0 otherwise. (See Section for the definition of II.) After the ma-
jority gate, the probability of measuring O in state f(1)) equals the probability of more than k/2 of M;s
being equal to 1. By the Chernoff bound, this probability is at least 1 —e~?(*) Hence, it is sufficient to
take k = O(log(1/¢)) to assure the error is at most &.

For the one-sided error, apply the same procedure with the majority gate replaced by the OR gate.
The analysis is similar. O

We will usually describe a quantum procedure that evaluates a function non-coherently with some
constant error. While executing, we will use the corresponding coherent version with a better precision.
In such a case, we assume that Algorithms [[L4] and are used to improve the precision and make the
procedure coherent.
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1.6 Query Complexity

In this section, we introduce the notion of query complexity that is used throughout the thesis. The
motivation for introducing this notion is as follows. Assume that we have a function f and we want
to estimate the amount of resources required to calculate it. To prove an upper bound, it is sufficient
to come up with an algorithm that calculates f. But, in general, it is very hard to prove a strong
lower bounds on the time complexity of f, since the algorithm can use very sophisticated internal data
representations that is hard to reason about. Instead of this, we can consider only the accesses of the
algorithm to the input string. Since we understand how the input data is represented, it is much easier
to prove lower bounds. A lower bound on the number of accesses is simultaneously a lower bound on the
time complexity. In general, such a bound can be very loose, but for many functions, it is good enough.

1.6.1 Definitions

We start by defining the notion of query complexity for all three models of computations.

Deterministic Any deterministic algorithm can be described
as follows. It starts its computation. At some point, it requires
the value of an input variable. Since the algorithm is determin-
istic, the index of the variable will always be the same. The
algorithm queries the value of the variable, and, after being told
the value, it proceeds with its computation, until it requires the
value of another variable. Again, the index of the requested vari-
able depends solely on the value of the first variable. And so on.
At the end of the computation, the algorithm returns the value
of the function.

By “contracting” (in graph-theoretical terms) all intermediate S o
calculations, we get the computational model of a deterministic Figure 1.1: A deterministic decision
decision tree. It is a rooted g-ary tree T. Each internal node is tree .calculatlng. the total Boolean
labelled by an index of an input variable, j € [N]. Each leaf of funct'lon on 3 variables that evaluates
the tree is labelled by an output value in []. to 1iff 21 = 22 = z5.

The value T'(z) of the decision tree T on input z € [g]" is
defined by induction on the depth of 7'. If the depth is zero, then T' consists of one leaf. Define T'(z) as
the value of this leaf. Now assume that the depth of T is non-zero. Then, the root is labelled by some
j € [N]. Define T'(z) as the value of the z;th subtree of the root. Since the depth of the subtree is less
than the depth of T', this is a valid inductive definition.

We say that T evaluates a function f: [¢]N D D — [/] iff f(z) = T(z) for all z € D. The complexity
of the decision tree is defined as its depth, i.e., the number of variables queried for the worst input.
The deterministic query complexity, D(f), of f is defined as the minimal complexity of a decision tree
evaluating f.

Figure [Tl shows an example of a decision tree that evaluates the total function f: {0,1}3 — {0,1}
defined by f(z1,22,23) = 1 if and only if z; = 29 = 2z3. The complexity of the tree is 3, and it is tight.

]N

Randomised In the randomised case, the index of the variable being queried at some point in the
algorithm is given by a probability distribution that depends only on the values of the variables queried
previously. All these probability distributions may be combined into one huge probability distribution
from which we sample at the very beginning. Thus, we define a randomised decision tree as a probability
distribution u over deterministic decision trees as defined above. We say u evaluates f if, for each z € D,
T(z) = f(z) with probability at least 2/3 when T is sampled from .

The complexity of p is defined as the largest complexity of a deterministic decision tree 1" having
non-zero probability in p. The randomised query complexity R(f) of a function f is defined as the
minimal complexity of a randomised decision tree evaluating f. The constant 2/3 can be replaced by
any constant strictly between 1/2 and 1. This changes the randomised query complexity by at most a
constant factor.
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Example 1.13. Let n be an integer, N = 2n, and f be a partial function from {0, 1}V to {0,1} defined
as follows. The function evaluates to 0 if all input variables have the same value. The function evaluates
to 1 if exactly n of the input variables are equal to 0, and the remaining n input variables equal 1. For
all other input strings, the function is not defined.

The randomised query complexity of this function is 3. Indeed, define the randomised decision tree p
as the probability distribution over decision trees as in Figure [Tl with {21, 22, 23} replaced by {za, 2p, 2.}
where {a,b, c} is a 3-subset of [N] chosen uniformly at random, i.e., with probability (} )_1. If f(z) =0,
w does not err. If z is a positive input and n is large, we may approximately assume that each z,, xp, 2.,
chosen by p, takes values in {0, 1} independently and uniformly at random. The algorithm u errs when
Zq = Xp = T, and this happens with probability approximately 2/8 = 1/4 < 1/3.

On the other hand, the deterministic query complexity of f is n+1 = N/2+ 1. For the upper bound,
consider the decision tree that queries the first n + 1 variables, and returns 1 iff all of them are equal.
For the lower bound, we reason as follows. Assume T is a deterministic decision tree of depth at most n
that evaluates f. Consider the path P that starts at the root of T and follows the arcs labelled by 0. Let
1,72, - - -, j¢ be the indices of the variables in the vertices along P. Due to our assumption on the depth
of T, t < n. Let A be any set of size n such that {j1,...,7:} C A C [N]. Let y be the all-0 input, and =
be the positive input defined by z; = 0 if j € A, and z; = 1 otherwise. We have f(z) =1, and f(y) =0,
but T outputs the same value (contained in the end-vertex of P) on both of them. It is a contradiction,
hence, D(f) =n+ 1.

Quantum The query complezity of a quantum algorithm C evaluating a function f: [¢]Y D D — [¢] on
an input z € D is defined as the largest possible number of times the algorithm invokes the InputOracle
subroutine when executed on the input z. The query complexity of a quantum algorithm is the maximum
of the query complexity over all inputs in D. The quantum query complexity Q(f) of the function f is
the smallest query complexity of a quantum algorithm evaluating f.

The definition above is nice for upper bounds, but it is not well-suited for lower bounds. For the
latter, we transform the program into a more restricted form. At first, we use Lemma to transform
all classical computations performed by the quantum algorithm € into the quantum form. It is possible
to check that the transformation preserves the number of times the input oracle is invoked. This gives
the following definition. A quantum query algorithm uses 3 registers: index j, value v, and working W.
The index register has basis elements 0,1,..., N. The value register is a g-qudit. The working register
can be arbitrary, but it contains the output ¢-qudit O as its component. The initial state is |0);|0)y|0)w.
The computation is modelled as a sequence of unitary transformations the device performs on its own,
interchanged with some number of queries to the input oracle:

Uy—-0,—-U1—-0,— - =Upr_1 -0, = Ur. (1.10)

Here U;s are arbitrary transformations, as described in Section The index ¢ indicates that they
may be different at different positions, but they are independent of the input. The transformation
O., on contrary, is the same in all places, but it depends on the input z € D. Assume for notational
convenience that each input strings z is extended with an additional input variable zg = 0. Then, O,
can be decomposed as O, = @;VZO O.,, where Oy, for a € [q], is a unitary in H, ® Hw. We assume, as in
Section [[4] that O, is given by |i), — |i + a),. The part of the state with j = 0, thus, does not change
during the input oracle execution. We say that the algorithm in (LI0) makes T quantum queries.
After all the transformations in (I.I0) are performed, the output register O of the program is mea-
sured. We say that the quantum query algorithm evaluates f (with bounded error) if, for any z € D,
the register O contains f(z) with probability at least 2/3. The quantum query complezity Q(f) of the
function f is the smallest possible number of queries made by a quantum algorithm that evaluates f.

Example 1.14 (Deutsch-Jozsa [51]). Consider the same function as in Example [[I3] As we have
seen, an exact (deterministic) classical algorithm requires N/2 + 1 queries. Now we show that it can be
evaluated by a quantum Algorithm in one query without error.

The algorithm uses the UniformSuperposition procedure from Example Let |¢); be the state
generated in Line Bl Consider the transformation in Line @l If all z; equal 0, it does not change the
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Algorithm 1.5 Quantum Algorithm for Deutsch-Jozsa Problem

1: function DeutschJozsa(quprocedure InputOracle) :
2: attach N-qudit j
UniformSuperposition(j)

phase & InputOracle())
UniformSuperposition=!(j)
measure j .
ifj=0: return 0

else : return 1

state. If all z; equal 1, the state changes to —|¢);. Otherwise, exactly half of the amplitudes of |i);
change sign, hence, the state becomes orthogonal to . Thus, after Line [l the state of the algorithm is
+0); if the input is negative, and it is orthogonal to |0); otherwise. In the latter case, the probability of
obtaining outcome 0 during the measurement in Line [6] is zero. Hence, the algorithm never errs. And, it
uses only one quantum query.

1.6.2 Related Notions

In this section, we briefly consider relations between the various query complexity notions defined in the
previous section. Firstly, we have

1<Q(f) <R(f) <D(f) <N

for any non-constant function f: [¢] O D — [¢], because a deterministic decision tree is a special case
of a randomised one, and any randomised computation can be simulated by a quantum computation.
Finally, a deterministic algorithm can query all N variables and thus detect the value of the function.

Certificate Complexity An assignment on N variables is a function a: S — [¢] with S C [N]. The
size of a is |S|. We say an input z € [q|V satisfies assignment « iff a(j) = z; for all j € S. For each
subset S C [N], there is unique assignment zg: S — [¢] that is satisfied by z. We say inputs z and y
agree on S if xg = yg.

An assignment « is called a b-certificate for f, with b € [¢], iff f(z) = b for any z € D satisfying a.
For a fixed z € D, we call a subset S C [N] a certificate for z if zg is a certificate for f.

The certificate complezity C.(f) of f on z € D is defined as the minimal size of a certificate for f
that z satisfies. The certificate complexity C(f) of the function f is defined as the maximum of C.,(f)
over all z € D. For b € [{], we define the b-certificate complexity C(®)(f) of f as max_ e 105y C(f).

Almost all functions considered in the thesis are with Boolean output and with bounded 1-certificate
complexity. For the convenience, we list them here.

Definition 1.15 (k-threshold). The input to the k-threshold function is a binary string z € {0, 1}".
The value of the function is 1 iff the Hamming weight of z is at least k, i.e., there exist 1 < a1 < as <
-+ < ap < N such that z[a1] = -+ = z[ax] = 1. The 1-certificate complexity of this function is k. The
1-threshold function is the OR function.

Definition 1.16 (k-distinctness). Let k > 2 be a fixed integer. The k-distinctness function, given a
string z € [¢]V as its argument, evaluates to 1 iff there is a k-tuple of equal elements in the input, i.e.,
there exist 1 < a1 < ag < --+ < ar < N such that z[a1] = z[az] = -+ = z[ax]. The l-certificate
complexity of this function is k. For the 2-distinctness function, we use the name element distinctness.

Definition 1.17 (k-sum). The k-sum function, given a string z € [¢]", evaluates to 1 iff there exist

indices 1 < a1 < ag < -+ < ax < N such that z[a;] + - - + z[ax] is divisible by ¢g. The k-sum problem
has 1-certificate complexity k.
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Definition 1.18 (Graph collision). Let G be a fixed graph with vertices labelled by integers in [N]. The
graph collision function, given a string z € {0,1}?V, evaluates to 1 iff there exist an edge ab of the graph
such that z, = z, = 1. This function has 1-certificate complexity 2.

Definition 1.19 (Collision). Let n be an integer, and N = 2n. Given an input string z € [g]", the task
is to distinguish whether z is 1-to-1 or 2-to-1. That is, in the negative case, all the elements of z are
distinct. In the positive case, there exists a decomposition of the input variables

[N] = {a17b1}|—|{a’2ab2}|—|"'U{anvbn} (111)
into n disjoint pairs such that z[a;] = z[b;] for all i € [n], but z[a;] # z[a;] for all i # j.

Definition 1.20 (Set Equality and Hidden Shift). Both problems are defined as the collision problem
with additional promises in the positive case. In the set equality problem, we are promised that a; and
b; from (I satisfy 1 < a; <n and n+ 1 < b; < n. In the hidden shift problem, besides that, we are
promised that there exists d € [n] such that a; = b; + d (mod n) for all i € [n].

The 1-certificate complexity of collision, set equality and hidden shift is 2. However, the problems are
much easier to compute than the element distinctness problem because there are much more certificates.

Definition 1.21 (Triangle). In the triangle problem on n vertices, the input is a binary string z of
length N = (g) We index the input variables by z;; where 1 <14 < j < n are integers. The task is to
detect whether there exist indices 1 < a < b < ¢ < n such that z,, = 24 = 25 = 1. Graph-theoretically,
given a graph on n vertices encoded by its adjacency matrix, the task is to detect whether it contains a

triangle, i.e., a complete subgraph on 3 vertices. This function has 1-certificate complexity 3.

Block Sensitivity For proving lower bounds on deterministic and randomised query complexities, the
following result is quite useful. Recall that the Hamming weight of a binary string is the number of
occurrences of symbol 1 in it.

Theorem 1.22. Let D C {0,1}Y consist of all Boolean strings of Hamming weight at most 1. The
function OR on domain D has deterministic query complexity N and randomised query complexity at
least N/3.

Proof. In the deterministic case, it is possible to define the input so that the answer to the first N — 1
queries is 0. And after that, the decision tree still does not know what the value of the function is.

The randomised case is similar. Assume that there exists a randomised query algorithm g that
evaluates OR on D in less than N/3 queries. Given the algorithm, we come up with a positive input
such that p fails to distinguish it from the all-0 string y.

Recall that u is a probability distribution on deterministic decision trees T of depth less than N/3.
On input y, the tree T queries less than N/3 variables. Thus, the set S(T") of variables not queried by
T satisfies |S(T)| > 2n/3. For any j € S(T), we have T(2)) = T(y), where z() is the input with the
7th bit is set to 1 and all other bits equal to 0.

By the linearity of expectation, there exists k € [N] such that the kth input variable is not queried by
w1 on the input y with probability greater than 2/3. Conditioned on not querying the kth input variable,
1 outputs on y one of the values, 0 or 1, with probability at least 1/2. This probability is the same for the
input z(*) (as the kth input variable is not queried). If u outputs 0 with larger probability, then u outputs
0 on the input z(*) with probability greater than 1/3. Otherwise, pu outputs 1 on y with probability
greater than 1/3. Both cases contradict the assumption that u calculates the OR function. O

This motivates the following definition. The block sensitivity bs(f) of f is defined as the maximal
possible b over all sequences y, 2, ..., z(®) € D satisfying the following two properties. Firstly, for all
i€ ], f(x®) # f(y). Let B; = {j € [N] | 2 [4] # y[j]}. (Recall that 2[;] stands for the jth symbol
of z.) The second property is that the subsets By,..., By are pairwise disjoint. The sensitivity s(f) is
defined similarly with the additional requirement that |B;| =1 for all ¢ € [b].

Theorem 1.23. For any function f, D(f) > bs(f) and R(f) > bs(f)/3.
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Proof. Let b = bs(f). We reduce the calculation of OR over b bits to the calculation of f on inputs
y, M . 2(® Assume we are given the input oracle O to a bit-string z € {0,1}* of Hamming weight
at most 1. We use it to simulate an oracle @’ encoding one of z(*) or y. More precisely, if z € {0,1}* is
the all-0 string, then @’ encodes y, otherwise, it encodes (¥, where i is the index of the non-zero entry
in z.

The simulation is as follows. Let j be the index queried to O’. If j lies outside of all B;, we return
ylj]. If j € B;, then we query O for the value of z. If z; = 0, we return y[j], otherwise, we return
z([4]. Tt is easy to see that O’ works as intended, and each oracle access to (' costs at most one oracle
access to O. Thus, we can use a query algorithm for f to calculate the OR function on b bits in at most
the same number of queries. Together with Theorem [[.22] this implies the statement of the theorem. [

From Example[[.T3] we can see that there can be arbitrarily large gap between the deterministic and
the randomised query complexities of a function. For total functions, we have the following result.

Theorem 1.24 ([20]). For a total Boolean function f, its deterministic query complexity satisfies D(f) <
bs(f)°.

By combining this with Theorem [[.23] we get D(f) < R(f)? for any total Boolean function f.

1.7 Chapter Notes

The material in Sections [[THI3] is rather standard. The reader is advised to consult any textbook on
quantum computation, e.g. the book by Nielsen and Chuang [103] or the book by Kitaev et al. [76], for
more details. Our notation is slightly different from the notation in these books and is partly inspired
by the lecture notes by Watrous [132]. For a detailed history of development of quantum mechanics and
quantum computing, we refer the reader to [103].

The first model of quantum computation was quantum Turing machine introduced by Benioff [29] in
1980. More modern version is due to Bernstein and Vazirani [3I]. See also [I30]. Subsequently, it was
replaced by a more natural notion of quantum circuits developed by Deutsch [50] in 1989 and proven
to be equivalent to quantum Turing machine by Yao [I33]. A reason that quantum circuits are more
popular than quantum Turing machines is that their uniformity can be shown by a classical Turing
machine. In the classical case, one is not able to fully replace Turing machines by circuits because the
uniformity condition still requires an alternative model of computation.

Quantum RAM machines from Section [[4 seem to be less popular than quantum circuits, although
their implicit use, as we will see in the next chapters, is quite wide-spread. For more details on our model
and the related topics we refer the reader to the PhD thesis by Omer [I06]. The distinction between
different variants of arrays is adapted from [80]. Low level realisation of quantum random access memory
is studied in [61], 65]. Our pseudo-code notation is mostly based on a technical report by Knill [77]. For
a survey on various models of quantum computation see, e.g., [102].

The results in Section [[H] are well-known. An analogue of Lemma [[.9] can be found in [31].

For a more detailed exposition of the topics in Section [[L6, we refer the reader to the survey by
Buhrman and de Wolf [40]. The notion of block sensitivity and the proof of Theorem is due to
Nisan [104].



Chapter 2

Quantum-Walk-Based Algorithms

A random walk is a randomised algorithm that works in the following way. The algorithm only keeps
track of its current state. Given the state, the algorithm checks whether it satisfies some specified
properties. If it does, the algorithm stops and outputs the state (we say that the state is marked in this
case). Otherwise, the algorithm applies a small random transformation to the state and repeats the same
procedure. It is common to represent the possible states as the vertices of a graph with two vertices
adjacent iff one is reachable from the other in one step.

Random walks have been successfully applied to a variety of computational problems. A random
walk can be a suitable choice if some restrictions are present. One restriction could be that the complete
set, of possible states is not given in advance: Imagine a robot trying to get out of a labyrinth. Another
possibility is that the set of the states has a very complicated structure. For instance, many exact
algorithms for constraint satisfiability [T19] [101] were constructed using these ideas. Finally, it is possible
that the set of the states is available and simple, but the algorithm does not have enough memory to
store all of them. A famous example is given by the st-connectivity algorithm running in logarithmic
space [3]. (Later this algorithm was successfully derandomised [112].)

In the quantum settings, quantum walks have much greater importance. As first realised by
Grover [62], and then more explicitly by Ambainis [10], quantum walks are effective even if there are no
restrictions in accessing, processing or storing the input.

The purpose of this chapter is mostly illustrative. We describe techniques that were used to obtain
quantum algorithms that we improve on in the second part of the thesis. The chapter is organised as
follows. In Section ZI] we describe three different models of classical random walks. In Sections
and 23] we describe the quantum counterparts of two of these random walks, and give examples of their
applications.

2.1 Classical Random Walks

Before tackling quantum walks, it is worth getting acquainted with the random ones. The settings we
consider in this section are not typical for random walks, but they are the closest analogue of the quantum
walks we will consider in the next sections. We solve the task of finding (alternatively, detecting the
presence of) a marked element in some set. Formally, the settings are as follows:

Definition 2.1 (Detection and search problems). Let X be a finite set with n = |X|. We assume we
have perfect knowledge of X. Additionally, an unknown set M C X of marked elements is fixed. In the
detection problem, the task is to distinguish whether M is empty or non-empty. In the search problem,
we are promised that M is non-empty, and the task is to output any element = € M.

Each element of X has some data associated with it. We denote it by d(x), and assume it belongs to
some finite set D. This data is required to detect whether the element is marked.

We are given some procedures assisting us in the tasks. For each of these procedures, some abstract
costs are assigned. We are interested in minimising the total cost of the algorithm, i.e., the sum of the

32
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costs of all the procedures executed by the algorithm. All operations except executing the procedures
are assumed to be costless. The motivation for this convention is twofold. Firstly, in many cases, this
framework is used for query algorithms, and, since X is given in advance, all operations manipulating
the elements of X are indeed costless. Secondly, even in the time-efficient settings, the wrapping part of
the algorithm is so simple that its cost can be neglected.

Definition 2.2 (Set-up). The set-up procedure performs two operations. At first, it samples an element
x € X according to some known probability distribution o,. After that, the procedure generates some
data d(x) associated with the element. There is a pre-defined threshold € > 0 such that, if M is non-
empty, the set-up procedure samples a marked element with probability at least ¢, i.e., > ;00 > €.
The cost of the set-up procedure is denoted by T.

Definition 2.3 (Check). Given x € X together with the associated data d(z), the checking procedure
decides whether the element is marked. The cost of the checking procedure is denoted by T¢.

At first, it may seem unclear why the checking procedure is separated from the set-up procedure, but
it will become apparent later, after the introduction of the update operation.

Given these two procedures, one can come up with a simple Algorithm 211 It is easy to see that
Algorithm [ZT] returns a marked element with probability £2(1) with the total cost of O(Ts + T¢)/e.

Algorithm 2.1 A Simple Search Algorithm

1: Repeat O(1/¢) times :

2: Sample x and construct d(x) using the set-up procedure
3: Check if = is marked, and if it is, output z and stop

Sometimes, it can be too expensive to set-up an element x from scratch in every iteration of the loop
in Algorithm 211 Instead of that, we would like to transform the data associated with the element of the
previous iteration into the data of the new element. In general, it can be infeasible. So, for z € X, let
N(z) denote the set of y € X such that d(y) can be easily obtained from d(z). In each case, we define
N (z) explicitly.

Definition 2.4 (Update). Given z € X, the associated data d(x) and an element y € N(z), the update
procedure returns the data d(y) associated with y. The cost of the update procedure is denoted by Ty .

Thus, given an element x € X, we could potentially move to any element in N(z) using the update
procedure. However, it is still unclear to which element we should move. In order to specify this, we
adopt the following convention. First, assume that y € N(x) if and only if © € N(y). Let G be the
undirected graph with the vertex set X and vertices x,y € X connected iff z € N(y). We assume G is
connected. Each edge zy of the graph is assigned a positive weight w,,. (Since G is undirected, we have
Wgy = Wyz.) The next element we proceed to is chosen randomly with probability proportional to the
weight. More formally, if w, = >°_. N(y) Wyas then the probability of going from y to x is pyy = Wy /wy.
This is known as the diffusion operation.

Let P = (psy) be the corresponding X x X matrix. Matrices constructed in such a way correspond
to what are known as reversible random walks. If w is a probability distribution on X written as a
column-vector, the probability distribution after the diffusion operation is Pu. Any such matrix P is
stochastic: it is non-negative (all its entries are non-negative) and the sum of each column is 1.

Proposition 2.5. The vector w = (w;)zex 1S an eigenvector of P with eigenvalue 1.

Proof. Indeed, for all z € X

(Pw)[[a:]] = Z PryWy = Z Wyy = Wy O]

yEN(z) YyEN (z)

Define the X x X matrix P’ by P'[z,y] = wyy/\/WsWy, and let W be the diagonal X x X matrix
given by Wz, z] = \/w,. The following statement is trivial.
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Proposition 2.6. We have P' = W~'PW. In particular, P' has the same eigenvalues as P does. The
vector (/Wz)zex 18 a 1-eigenvector of P’.

From this point on, we assume that P is aperiodic, i.e., there exists a positive integer ¢ such that all
entries of P’ are positive. The Perron-Frobenius theorem (cf. Section [A.1]) implies the following result:

Theorem 2.7. Every stochastic aperiodic matriz P has unique I-eigenvector. All other eigenvalues of
P are strictly less than 1 in absolute value.

The 1-eigenvector, normalised so that the sum of its entries is 1, is called the stationary distribution
of P. By Proposition [Z1] it is proportional to w. Let also |[A\1] > [Aa| > -+ > |\,| be the eigenvalues of
P. Hence, \; =1, and |A\3]| < 1. The value § =1 — |\o| is known as the spectral gap of P.

We assume that we have the following procedure.

Definition 2.8 (diffusion). Given an element y € X, the diffusion procedure samples an element x €
N(y) according to the probability distribution given by a stochastic aperiodic matrix P = p,, such that
the stationary distribution of P equals the probability distribution (o,) from Definition We assume
that the diffusion procedure is costless.

Algorithm 2.2 Random Walk Algorithm
1: Sample x and construct d(z) using the set-up procedure

2: Repeat:
3: Check if z is marked, and if it is, output x and stop
4: Otherwise, diffuse to an element in N(x) and update the data accordingly

Given all these operations, one may come up with Algorithm The average number of iterations
of the loop in Algorithm performed before a marked element is reached is called the hitting time of
P. It can be estimated as follows.

Proposition 2.9. The hitting time of Algorithm[22 is O (%) where ¢ is as in Definition[Z3 and § is
the spectral gap of P.

Proof sketch. Let P’ and W be as in Proposition The matrix P’ is symmetric, hence, it has an
orthonormal set of eigenvectors vy, ..., v, that correspond to the eigenvalues 1 = Ay > |Aa] > -+ > |\,
of P. Also, v1[z] = /o, by the assumption on the stationary distribution of P.

Assume C is some large constant. For ¢ > 1 and ¢ = C'/§, we have

M <(1-6)<e 0.

Hence, (P')! ~ vivf. Thus, for P* = W(P')*W~!, we have P‘[z,y] ~ o,. That is, P* transforms every
probability distribution into a distribution close to o. Hence, performing C'/§ steps on the random walk
is approximately equivalent to sampling an element using the set-up procedure. Performing the loop in
Algorithm [Z21 9(1/(£d)) times is approximately as good as executing Algorithm 211 O

Algorithm 2.3 Forbearing Random Walk Algorithm

1: Sample x and construct d(z) using the set-up procedure

2: Repeat O(1/¢) times :

3: Check if = is marked, and if it is, output x and stop

4: Repeat O(1/6) times :

5: Go to an element in N(z) and update the data accordingly

If the checking cost T¢ is relatively high, it may be a good idea to avoid checking the element after
each step of the walk. Inspired by the proof of Proposition 2.9 one may come up with Algorithm
The results of this section are summarised in the following
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Theorem 2.10 (Classical random walks). Assume the set-up and checking procedures are as in Def-
nitions and [ZZ3  Then, Algorithm [2] finds a marked element with Q(1) probability. Assume,
additionally, that the update procedure as in Definition[24) is given, where P corresponds to a reversible
random walk that is aperiodic and has (o) from Definition [23 as its stationary distribution. Then,
Algorithms [Z2 and [Z23 find a marked element with (1) probability. The total costs of the algorithms
are given by

Algorithm 21 O(Ts + T¢)/e

AlgorithmZ2  O(Ts + H(Tc + Ty)) = O (Ts + Letlv)

Algorithm[Z3 O (Ts + é(TC + :,ZTU))

Here, € is as in Definition[23, H is the hitting time, and d is the spectral gap of P.

We will present a quantum analogue of Algorithm 2] in Section and a quantum analogue of
Algorithm 23] in Section

2.2 Amplitude Amplification

In this section, we develop a quantum analogue of Algorithm 2.1l We define a step of a quantum walk as
a correspondingly chosen unitary operator, and study its behaviour on some initial quantum state. In
Section 2.2.1] we describe a technical tool for separating eigenvectors of a unitary operator U based on
their eigenvalues. In Section 2.2.2] we apply this tool to the detection of marked elements. Finally, in
Section 2.2.3] we give some applications of the algorithm from Section

2.2.1 Quantum Phase Detection

As described in the proof of Proposition 2.9 the repeated application of the step of the random walk
results in the eigenvectors with eigenvalues smaller than 1 fading away: The probability distribution
converges to the stationary one. In the quantum case, a step of a quantum walk is a unitary operation
whose repeated application does not converge. In this section, we show how to overcome this by averaging
over time.

Let U be a unitary operator acting on a register A. We develop a subroutine that distinguishes the 1-
eigenvectors of U from the eigenvectors with other eigenvalues. Recall that U is a normal operator, hence,
it has an orthonormal eigenbasis ¥ = {#1,...,%,} (cf. Section [Ad)). The corresponding eigenvalues
are of the form e with —7 < §; < m. In the notations of Section the phase detection procedure
evaluates the function gy : ¥ — {0,1} defined by gy (¢;) = 0 iff #; = 0. Intuitively, it is clear that the
complexity of this problem has to depend on the phase gap of U that is the minimal non-zero value of

105

Theorem 2.11. Let % > >0 and § > 0 be fized real numbers, and let U, A, and gy be as above. Then,
there exists a quantum procedure that evaluates the function gy with one-sided error vy for every unitary
U acting on the register A and having phase gap at least §. The procedure uses O(% log %) controlled
applications of U.

Proof. We prove the theorem for the special case of v = 1/2. The general case then follows by
Lemma Let O be the output qubit. Define K = [8/§], and let W be the working register with
{0,..., K — 1} as the computational basis. The description of the circuit is given in Algorithm 24

Assume the initial state of the procedure is |1/)a|0)w|0)o, where 9 is an el’-eigenvector. After Lined]
the state of the algorithm is

K—
7 S [)alkwlolo (2.1)
k=0

The loop in Line [ transforms it into

K— K—-1
Z Yalk)w|0)o = Z e |4)alk)w|0)o = [1)a < e k) >®|O>o- (2.2)

k=0

N

@v
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Algorithm 2.4 Quantum Phase Detection

1: qufunction PhaseDetection(quprocedure U, real 0, registers A, O) with 1-sided error 1/2 :
2: K« [8/4]

3: attach K-qudit W

4: UniformSuperposition(W)

5: fork=1,..., K—1:

: conditioned on W > k : U(A)
7: UniformSuperposition™! (W)
8.  conditioned on W #0: 0 < 1

The state of the algorithm after Line[@is of the form |¢))a|vy)w|0)o, and the final state of the procedure
is of the form |¢)alwy)wo as required by the definition of non-coherent function evaluation.

If = 0, then the state on the right hand side of ([2:2)) equals the state in (2]), hence, the state after
Line [ equals the initial state of the procedure. Then, Line [§ has no effect, and the output register O
contains 0 with certainty.

Now assume |6| > ¢. Since the unitary operator in Line [7] does not affect the inner product, we have

K—-1 K—-1 K—-1
1 1 . 1 .
(03, e0)] = ‘<ﬁ Y LY e'k%k>‘ _ ‘ 3t
K k=0 K k=0 K k=0

because |1 — e < 2, and |1 —€?| > [0]/2 for all [§| < 7. Thus, after Line B the output register
contains 1 with probability at least 1/2. O

o(1— eiKe)

1
e <
8(1—¢€?) | — 2

S ‘

2.2.2 Algorithm

The quantum analogue of Algorithm [2.1] uses two registers: the index register X and the data register D.
For the first register, we have Hx = CX, where X is the same set as in Section 21l The second register
stores a unit data vector d, € Hp associated with x € X. The quantum counterparts of the set-up and
checking procedures are as follows.

Definition 2.12 (Quantum Set-up). A quantum set-up procedure is a unitary S that maps the initial
state |0) into a state of the form

) =) aalz)x|da)o. (2.3)

zeX

The probability distribution associated with S is 0, = |a,|?. We again assume that the probability of x
being marked is at least €, i.e., >, o)/ |a]|® > €. The cost of this subroutine is denoted by T's.

Definition 2.13 (Quantum Check). The quantum check function C, given the element and the associated
data, evaluates whether the corresponding element is marked. Thus, in the notations of Section [[L5.2]
U = {|z)x|d:z)p | = € X}, and the function is defined by |x)x|d,;)p + 1 if z is marked, and 0, otherwise.
The cost of the checking subroutine is T¢.

By Theorem [Z10 classical Algorithm[2T]finds a marked element with cost O(Ts+7¢)/e. Quantumly,
we can get better complexity by appling the “linearity in the square roots of probabilities” as mentioned
in the Introduction.

Theorem 2.14. Assume the quantum set-up and checking procedures are as in Definitions[2.13 and[213.
Then, there exists a quantum procedure that detects the presence of a marked element with one-sided error
1/2 and the total cost O(Ts + Tc)/+/e.

Proof. In general terms, the algorithm is as follows. We define an input-dependent unitary transformation
V (a step of the quantum walk) and an initial state ¢ such that
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Algorithm 2.5 Quantum Amplitude Amplification

1: qufunction AmplitudeAmplification(quprocedures Setup, Check, real ¢, registers X, D, O )
with 1-sided error 1/2 :

Setup(X, D)

PhaseDetection(StepOfWalk, /e, XD, O) with 1-sided error 1/2

quprocedure StepOfWalk :

phase < — Check(X, D)
ReflectAbout v

quprocedure ReflectAbout 1 :
Setup~ (X, D)
conditioned on XD # 0 : apply (—1)-phase gate
Setup(X, D)

_= = =
M R

e if there is no marked element, then 1 is an 1-eigenvector of V;

e if there is a marked element, then 1 belongs to the span of the eigenvectors of V' with eigenvalues
sufficiently away from 1.

Then, we can use the phase detection subroutine to distinguish these two cases. This idea will appear
repeatedly throughout the thesis.

The procedure is described in Algorithm The step of the quantum walk V' is the composition
of two reflections: The first reflection is the checking subroutine C, and the second one is about ) as
defined in [23). One step of the quantum walk costs 2T + T The initial state of the quantum walk

is 1.

vl "
Vi)
Vi,
¥ Y
4 W, = C, i Y,
Cy

Figure 2.1: An illustration of the step of the quantum walk in Algorithm Here it is assumed that
both ¢y, and 9, are non-zero, and ¥, = ¥ /||¥m| and ¥ = ¥n/ ||1n| are the respective normalised
vectors. On the left, the images of ¢ and ] after the application of C' are shown. On the right, the
images of the same vectors under V are shown. It is easy to see that V rotates both vectors ¢ and v},
by the angle 260. Since they span H, the step V of the quantum walk acts as the rotation by 260 in H.

The initial state belongs to the invariant subspace H of V spanned by (not normalised) vectors

Ya= > oglo)xlda)p  and Y= Y aulw)x|de)p.

zeX\M zeEM

Indeed, 1, and 9, are eigenvectors of C' with eigenvalues 1 and —1, respectively. Also, ¥ € H, hence, H
is an invariant subspace of the reflection about 1. Thus, we may restrict our attention to the spectrum
of Vin H.

If there are no marked elements, then ¥ = 1, is a 1-eigenvector of V. If all the elements are marked,
then 1 = 1, is a (—1)-eigenvector of V. In both these cases, V' and 1) possess the required properties.
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In all other cases, the subspace H is two-dimensional. The step V', restricted to H, is the composition
of the reflections about 1, and 1, thus, it is the rotation by 26, where 6 is the angle between the two
vectors (see Figure ). For the angle, we have

sinf = <w7¢m> — Z ‘Oéx‘Q > \/g
[l ) 2

Thus, 7/2 > 6 > \/z. The eigenvalues of the rotation by 26 are e*2?. Hence, by Theorem [ZI1] we can
distinguish the two cases using O(1/4/€) steps of the quantum walk. O

The quantum walk in Algorithm is quite simple, and it is possible to use it to find marked
elements, not just to detect their presence. Recall from Definition [Z] that, in the search problem, we
are guaranteed that the set of marked elements M is non-empty, and the task is to find an x € M.

Proposition 2.15. Assume a quantum set-up procedure, that generates the state |v) from (2.3) in
cost Ts, and the checking procedure from Definition are available. Then, there exists a quantum
algorithm that finds a marked element with (1) success probability and the total cost O(Ts + T¢)/V/e,
where e =Yy lag|*. It is not necessary to know e in advance.

Proof sketch. The description of the algorithm is given in Algorithm [Z6l Here, StepOfWalk is as defined
in Algorithm 25l and M > 1 is a constant.

Algorithm 2.6 Search Using Quantum Amplitude Amplification

1: function FindMarkedElement(quprocedures Setup, Check, registers X, D) :
2: real i + 1
repeat :
repeat Q(1) times :
XD+ 0
Setup(X, D)
repeat |i] times :
StepOfWalk
measure X
10: if Check(X, D) =1 : return X
11: 1+—1-M

We freely use the notations from the proof of Theorem T4 Figure 2] suggests that if ¢ ~ 7 /(46),
then V1 is close to /. Thus, measuring the register X gives a marked element with sufficiently
large probability. Unfortunately, we do not know 6 in advance, and so the required value of t. We

seek the correct number of iterations using the geometric series 1, M, M 2. .... There exists i such that
M? < t < M If M is small enough, then VM4 is also close to /., and the measurement of X

after M iterations of the quantum walk yields a marked element with (1) probability. On the other
hand, the total number of iterations of the quantum walk is dominated by the last term in the geometric
series. O

Assume that we have a quantum function C’ that, given an element x € X and the corresponding
data vector d, (1/3)-evaluates whether x is marked. We would like to use it in the quantum amplification
algorithm. One solution is to reduce the error by Lemma[l.12 The checking subroutine in Algorithm
is executed O(1/+/e) times. Thus, by Lemma [[9 it is enough to reduce the error to O(1/4/¢) per
execution. This increases the total number of applications of C’ by the multiplicative factor of O(log 1).
However, there exists a way to perform amplitude amplification without increasing the cost.

Theorem 2.16 (Noisy Amplitude Amplification [68]). Assume that we have a quantum set-up operation
S from Definition[2.12 and a subroutine C' that, given element x € X and the corresponding data vector
dy, (1/3)-evaluates whether x is marked. Then, there exists a quantum circuit that detects the presence
of a marked element with error 1/3 and the total cost O(Ts + T¢c)/+/E.
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2.2.3 Applications

A very simple application of amplitude amplification is exhibited by the Grover search for calculating
the OR function.

Proposition 2.17 (Grover Search). The OR problem on N wariables can be solved in O(v/N) quantum
queries. Moreover, an index j € [N], such that z; = 1, can be found in O(/N/k) quantum queries,
where k = |z| is the Hamming weight of z.

Proof. The Grover search is a simple special case of amplitude amplification, where there is no data
register, S is given by the Uniform Superposition procedure from Example [[.8 and C' is the input oracle
itself. The costs are Ts = 0 and T = 1, respectively. If there are k ones in the input string, then
¢ = k/N, hence, Algorithm [Z6] finds a marked element in O(1/N/k) queries. O

The OR function is conjectured to provide the greatest possible separation between the quantum and
the deterministic query complexities for total Boolean functions.

Corollary 2.18. There exists a quantum algorithm that, given an oracle access to a string z € {0, 1}V
outputs the string after O(vV Nk) queries, where k is the Hamming weight of z.

Proof sketch. The algorithm works as follows. An occurrence of a symbol 1 in z can be found in
O(/N/k) quantum queries by Proposition 2I71 Put it aside, and search for another occurrence in

O(v/(N —1)/(k — 1)) quantum queries. Repeat this procedure until all k ones are found. This requires

k—1 — k
Z\/N ?g\/ﬁ/d—x:Q\/Nk
par LA 0o VT

quantum queries altogether. O

From Corollary 2.T8, and by negating the input string if necessary, we get the following result:

Corollary 2.19. The k-threshold function on N variables can be evaluated in O( k(N —k+ 1)) quan-
tum queries.

As another application of quantum amplitude amplification, we consider the collision problem. Recall
from Definition [.T9] that, in this problem, we have to distinguish whether the input string is 1-to-1 or
2-to-1.

Proposition 2.20. The collision problem can be solved with bounded error in O(N'/3) quantum queries
and O(N'Y3) quantum time. The algorithm uses a QRACM array of q-qudits of size O(N'3) and O(1)
other quantum registers. The O notation suppresses factors polylogarithmic in N and q.

Proof. The details are given in Algorithm [Z7l In the beginning, the last r elements of the input string
are queried, where r is a parameter to be specified later. If there are equal elements among them, accept
the input string. Otherwise, search through the remaining elements for an element equal to the one in D.
In the positive case, there are exactly r marked elements among the remaining N — r elements, hence,
the success probability is € > r/N.

Note that since X is an (N —r)-qudit, Grover search in Line[8indeed searches only among the elements
outside D. The binarySearch subroutine in Line [[3]is a quantum analogue of the classical binary search
that returns 1 if the value of A is in the sorted array D. Here, we apply Lemma It is not hard to
check that the quantum analogue runs in logarithmic time and uses additional logarithmic space.

The loop in Line M requires r queries to the input string. The Grover search calls the checking
subroutine \/7 = 4/N/r times, and each call costs 2 queries (the oracle is executed in reverse while
making the checking subroutine coherent, cf. Lemma [[TT)). The total query complexity of the algorithm
is O(r + y/N/r) that attains its optimal value O(N'/3) when r = N'/3. The time complexity is the
same up to logarithmic factors. The claim on the space usage is trivial. O
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Algorithm 2.7 Quantum Algorithm for the Collision Problem

1: function CollisionProblem(quprocedure InputOracle) :
2: uses QRACM array D[r] of ¢g-qudits, integer i

3: attach (N — r)-qudit X

4: fori=1,2,...,r:

5: D[i] + InputOracle(N — i)

6: sort(D)

7 if there are equal elements in D : return 1
8: return GroverSearch(Check, r/N, X)

9:

10: qufunction Check(X,O) with no error :
11: attach g-qudit A

12: A < InputOracle(X)

13: 0+ binarySearch(D, A)

A slight modification of the previous algorithm can be used to solve the element distinctness problem.

In this problem, we are given a string z € [¢]"V

, and the task is to detect whether there are two equal

elements in it. Note, however, that this algorithm is not the best possible: we will see a better one
in Section 22321 Also, due to simplicity, we restrict our analysis to query complexity. However, it is

possible to implement the algorithm time-efficiently.

Proposition 2.21. The element distinctness problem on N variables can be solved in O(N3/*) quantum

queries.

Proof. See Algorithm 2.§] for the description. The algorithm is similar to the one in Proposition 220
but instead of choosing one fixed subset of r elements, we pick one at random. Moreover, we do this

quantumly, using amplitude amplification.

Algorithm 2.8 Set-up and Checking Procedures for the Element Distinctness Problem

1: function ElementDistinctness(quprocedure InputOracle) :
2: attach QRAQM arrays X[r] of N-qudits, D[r] of ¢g-qudits
3: return AmplitudeAmplification(Setup, Check, r/N, X, D)

4:
5: quprocedure Setup (registers X,D) :
6: uses integer i
7: transform [0)x|0)p into ) g ¢ [S)x|0)p
8: fori=1,...,r:
9: D[i] <= InputOracle(X[i])
10:
11: qufunction Check(registers X,D, O) with 1-sided error 1/2 :
12: attach N-qudit J
13: GroverSearch(InternalCheck, J, O)
14:
15: qufunction InternalCheck(registers J, O) with no error :
16: attach ¢-qudit E, qubit b
+ .

17: b <«+— /\ie[r] (4 # X[1])
18: conditioned on b =1:
19: E«— InputOracle(J)

+ .
20: 0 +— Vie[r] (E = D[[Z]])

Formally, we have two QRAQM arrays X and D of length r. The elements of X are N-qubits, while
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D stores g-qubits. The set X, on which amplitude amplification is performed, consists of all r-subsets
of [N]. For a subset S C [N] of size r, let |S)x be some fixed representation of the indices in S, and
|zs)p be some fixed representation of the corresponding elements in the input string z. We choose the
following representation: |S)x = [s1,S2,...,S)x Where s1 < s2 < --+ < s, are the elements of S, and
lzs)p = |z[s1], - - -, z[sr])p-

The set-up procedure prepares the initial state ¢ from ([23]). All amplitudes in the initial state equal
o= (J: ) _1/2. A subset S € X is marked iff it contains exactly one element from a pair of equal elements.
This is tested using the Grover search on all elements of [N], where an element j € [N] is marked if j ¢ S
but z; = z; for some i € S. The latter condition is tested using the InternalCheck subroutine. The qubit
b on Line [T is set to 1 iff the index j in J is different from all the elements of S stored in X. Similarly,
the output bit is set to 1 in Line 20liff b is set to 1 and the content of z; is equal to an element from D.
Both these checks are made quantumly using Lemma

The InternalCheck procedure uses 2 queries, hence, the Check subroutine uses O(\/N ) queries by
Proposition ZT7l The Setup procedure uses r queries. Let us calculate the fraction e of marked elements
in amplitude amplification. Let {a,b} be a pair of equal elements in a positive input. Thus, S € X is
marked if it contains a and does not contain b (there can be other possibilities as well). It is easy to see
that an Q(r/N) fraction of all the r-subsets of [N] satisfy this condition. By Theorem [ZT6] the total
query complexity of the algorithm is O(r 4+ v/ N)y/N/r. It is optimised to O(N3/%) when r = v/N. O

2.3 Quantum Walks

The purpose of this section is to develop a quantum analogue of Algorithm 23l In Section 2331l we
prove a theorem about composition of two reflections that will be of importance later in the thesis. In
Section 2.3.2] we describe this algorithm, and in Section 233l we give some applications.

2.3.1 Composition of two Reflections

A step of the quantum walk in the proof of Theorem 2.14lis defined as a composition of two reflections. In
this section, we study such compositions in full generality. Assume A and B are matrices with the same
number of rows, and each having orthonormal columns. Let IT4 = AA* and Il = BB* be the projectors
onto im(A) and im(B), respectively. Ry = 2I14 — I and Rp = 2l — I are the reflections about the
corresponding subspaces, and let U = RpR4 be their composition. Finally, let D = D(A, B) = A*B.
This matrix is known as the discriminant matriz.

Lemma 2.22 (Spectral Lemma). In the above notations, all the singular values of D are at most 1.
Let cosby,...,cos8; be all the singular values of D lying in the open interval (0,1) counted with their
multiplicity. Then, the following is a complete list of the eigenspaces and eigenvalues of U:

e The 1-eigenspace is (im(A) Nim(B)) @ (im(A)* Nim(B)L). Moreover, im(A) Nim(B) coincides
with the image, under the action of A, of the set of left singular vectors of D with singular value 1.
Also, im(A) Nim(B) coincides with the image, under the action of B, of the set of right singular
vectors of D with singular value 1.

e The (—1)-eigenspace is (im(A) Nim(B)1) @& (im(A)* Nim(B)). Moreover, im(A) Nim(B)+ =
A(ker(D*)) and im(A)* Nim(B) = B(ker(D)).

e The orthogonal complement of the above subspaces is decomposable into a direct sum of { two-
dimensional pairwise orthogonal invariant subspaces {S;} e of U. For all j € [£], both S;Nim(A)
and S; Nim(B) are one-dimensional with the angle 0; between them, and the eigenvalues of U in
S; are e®2i0;

Proof. By definition, the set of singular values of D is equal to the set of non-zero eigenvalues of D*D =
B*AA*B, that is equal to the set of non-zero eigenvalues of AA* BB* = 141l (cf. Section [AT]). Tt is
obvious that a composition of two projectors cannot have an eigenvalue greater than 1 in absolute value.
This proves the first statement.
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A vector Bw is in im(A)* if and only if A* Bw = 0, hence, im(A)+ Nim(B) = B(ker(D)). Similarly,
im(A) Nim(B)*+ = A(ker(D*)). It is easy to see that im(A)* Nim(B) and im(A) Nim(B)* are (—1)-
eigenspaces of U, and that im(A)+ Nim(B)~ is an eigenvalue 1 eigenspace of U. This covers the second
bullet in the statement of the lemma, and a half of the first one. It remains to detect the eigenvalues
of U inside A(ker(D*)*) + B(ker(D)"), that equals to the space spanned by the images of the left and
right singular vectors of D under the action of A and B, respectively.

Let v, w be a pair of left and right singular vectors of D with singular value o. Thus, A*Bw = ov,
and B*Av = ocw. From this, we get

MyBw = AA*Bw = g Av and Iz Av = BB*Av = o Bw. (2.4)

Hence,
gl Bw = ollgAv = 0> Bw. (2.5)

If 0 =1, then Bw = Av € im(A) Nim(B) is a l-eigenvector of U. This corresponds to the second half
of the first bullet in the statement of the lemma.

Now, we prove the statement in the third bullet. Let vq,...,v, be an orthonormal set of the left
singular vectors of D with v; having singular value o; = cosf;. Let wi,...,w, be the corresponding
right singular vectors. Let S; be the subspace spanned by Av; and Bw;. Using (Z3]) and that o; < 1,
we have that Bw; ¢ im(A), hence S; is two-dimensional. Since A and B are isometries, Av; L Av; and
Bw; 1 Bwj for all i # j. Also,

<Avi,Bwj> = <’Ui,A*B’LUj> = <’Ui,(fj"l)j> =0.

Hence, S; are pairwise orthogonal. Finally, from (24]), we can see that S; is invariant for U = (2Ilg —
I)(2I14 — 1).

Because of the orthogonality of S;, operators I1 4 and Il g, restricted to S;, coincide with the projectors
on Av; and Bwj, respectively. Hence, by (Z3)), we get that the angle between Av and Bw is arccos Vo2 =
6. Thus, U acts in S as the rotation on the double angle 26. And, this operation has eigenvalues e*2. [

2.3.2 Algorithm

The update operation and the matrix P were used in Algorithm to avoid execution of the set-up
procedure on each iteration of the loop. Similarly, we use quantum analogues of the update and diffusion
operations to avoid execution of the quantum set-up procedure at every step of the quantum walk. That
is, we implement the reflection about 9 from (Z3)) in a different way.

Similarly to Definition 4] the reflection is defined using some stochastic matrix P such that (o)
from Definition is its stationary distribution. We use Theorem [ZTT] to detect the eigenvector and
perform the reflection about it. This theorem, however, is not directly applicable to P, because P is not
unitary. This section is mostly devoted to developing a unitary counterpart of P.

It has become more conventional to consider quantum walk on a bipartite graph G with parts X
and Y. Recall from Section 1] that w,, are the weights of the edges of G, and the probability of going
from y to z is given by Py = wWgy/wy, where w, = ZIGN(?]) Wgy. Since the graph is bipartite, the

corresponding matrix P = () looks like

P= (cgl %2> , (2.6)

where Q7 = ]3[[Y, X] is the part of the matrix representing the transitions from X to Y, and Q2 =
]5[[X , Y] is representing the transitions in the opposite direction. The second iteration of the walk, P2,
breaks down into a random walk on X given by @21, and a random walk on Y given by Q1Q5. We
identify the walk P from Section [21] with Q2Q1.

Informally, X is the “main” set, and Y is as a “supplementary” set required to implement the walk
P on X. The definitions of the quantum set-up and check procedures from Section carry over to
this case as applied to the elements of X only. We again require that P is aperiodic, and (o) from
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Definition is its stationary distribution. The condition on P to be represented by Q2@ is not
restrictive. One may always define Y = X and Q2 = Q; = P. Thus, a step of the walk becomes P2,
and, for an aperiodic random walk, that merely reduces the number of iterations by a factor of 2.

Let us consider the diffusion operation. For x € X, define the unit vector ¢, € Hy; and, for y € Y,
define ¢, € Hx as follows:

¢a= Y VQilyally)y, and  ¢,= Y V/Qalz,y] [x)x. (2.7)

yeN(z) €N (y)
Since P is a stochastic matrix, both ¢, and ¢, are unit vectors.

Definition 2.23 (Quantum diffusion). There are two quantum diffusion operations: from X and from
Y. The first one, denoted Dy, transforms |x)x|0)y into |z)x|¢s)y for all x € X. The second one, Dy,
transforms |0)x|y)y into |¢,)x|y)y for all y € Y.

For the quantum update operation, we take into account the non-cloning theorem (Observation [[2),
and keep only one copy of the data register.

Definition 2.24 (Quantum Update). The quantum update operation is a unitary U that transforms
lz)x|y)v|dz)p into |z)x|y)v|dy)p for all z € X and y € N(z). The cost of the operation is Ty .

We only need one instance of the update operation, because the reverse transformation can be per-
formed by U~

There are two different algorithms for implementing quantum walks, that correspond to Algo-
rithms and 23] respectively.

Theorem 2.25 (Szegedy quantum walk). Assume X, Y, Q1, and Q2 are as above, and P = Q2Q)1 is an
aperiodic reversible random walk. Let the quantum set-up and checking procedures be as in Section[2.2.2,
and the quantum diffusion and update operations be as above. Then, there exists a quantum algorithm

detecting the presence of a marked element with error 1/3 and the total cost O (Ts +VH(Te + TU)>,

where H is the hitting time of the random walk corresponding to P.
We do not give the proof of this results since we do not use it in the thesis.

Theorem 2.26 (MNRS quantum walk). In the assumptions of Theorem[228, there exists a quantum
algorithm finding marked elements with probability Q(1) and the total cost O (Ts + ﬁ(TC + %)),

where € is the probability of measuring a marked element in the initial state (cf. Definition[2.13) and §
is the spectral gap of P.

Proof. The algorithm is the same as Algorithm (or, alternatively, Algorithm [Z6]) with the replaced
procedure for the reflection about 1. The algorithm uses the register X to store elements of X, the
register Y for the elements of Y, and D to store data. The new reflection subroutine is described in
Algorithm 2.9 and it is performed with precision v that is defined so that the total precision is sufficient.

Let us at first calculate the cost of the algorithm. FEach step of the internal quantum walk, the
procedure in Line 8 uses two update operations and all other operations are costless. By Theorem 2.11]
the phase detection subroutine uses O(% log %) steps of the internal quantum walk. Algorithm
uses O(1/+/¢) steps of the outer walk, each involving the checking subroutine and the new reflection
subroutine. Also, there is one call to the set-up subroutine at the very beginning of Algorithm

Since the reflection in Algorithm 2.3 is executed O(1/4/¢) times, it is sufficient, by Lemma [[9] if
v < ¢y/e for small enough constant ¢. Thus, the total cost of the algorithm is

0 (r-+ 2o+ T8I ).

This is the value of the cost we actually prove. It has an extra logarithmic factor compared to the
claimed one. This factor can be removed with techniques similar to Theorem 2.161 We refer the reader
to [03] for the details.
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Algorithm 2.9 Alternative Implementation of the Reflection About %

1: quprocedure ReflectionAbout 1 (quprocedures D, D,y, U, registers X, D) with precision v :
2: attach Y-qudit Y

3: ‘Dl (Xa X)
4: phase<— PhaseDetection(StepOfInternalQuantumWalk, V0, XYD) with precision ~y
5: 'Dfl(X’ Y)
6: detach Y
7
8: quprocedure StepOflnternalQuantumWalk :
9: ReflectionAbout im(A)
10: U(X,Y,D)
11: ReflectionAbout im(B)
12: U=Y(X,Y,D)
13:
14: quprocedure ReflectionAbout im(A) :
15: DX, Y)
16: conditioned on Y # 0 : apply (—1)-phase gate
17: D1(X,Y)
18:
19: quprocedure ReflectionAbout im(B) :
20: Dy HX,Y)
21: conditioned on X # 0 : apply (—1)-phase gate
22: Dy(X,Y)

It remains to prove the correctness of the algorithm. At first, we would like to remove the data register
from our analysis. For that, we prove some assertions on its content. As described in Section [[L5.1] we
may assume in our analysis that the phase detection subroutine in Line [ is implemented perfectly.

We claim that the state of XD before Lines @ [ and is a linear combination of the vec-
tors {|z)x|ds)p},cx- Similarly, the state of YD before Lines [Tl and 2 is the linear combination of
{\y>y\dy>D}yey. These claims can be verified by going through the algorithm line by line, and recalling
that the phase detection subroutine only repeatedly applies the step of the internal quantum walk. From
now on, we ignore the register D since its content is uniquely determined by the content of X or Y in
dependence on the place in the algorithm.

Let {eg}zex and {hy},cy denote the computational bases of registers X and Y, respectively. Let A
and B be matrices defined by the action of D7 and D, respectively:

A=) (e, ®s)es  and  B=) (¢, @ey)e;, (2.8)

reX yey

where ¢, and ¢, are defined in (27]). The matrix A has its columns labelled by the elements of X,
and the matrix B—by the elements of Y. Both of them have columns in C¥*Y. The columns of A are
orthonormal, as well as those of B. The procedures ReflectionAbout im(A4) and ReflectionAbout im(B)
implement reflections about im(A) and im(B), respectively. Also, it is not hard to check that the state
of XY during the algorithm always belongs to im(A) + im(B).

The matrices A and B satisfy the promise of Lemma Let D = A*B be the corresponding
discriminant matrix. We have

Dﬂx,yﬂ = ¢m[[y]]¢yﬂx]] = QQ[[x,y]]Qlﬂy’x]] = \/%

for all z € X and y € Y. Here w,, are the weights of the edges of the bipartite graph G and w, =

ZyGN(z) Way- B

By Proposition 2.5 the vector @ = (w.).exuy is a 1-eigenvector of P from (Z.6). By Theorem 2.7
P has an unique eigenvalue-1 eigenvector. As P = P?[X, X], this eigenvector must coincide with
w = w[X].
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Let P" and W be as in Proposition [Z6] and let P’ and W be defined as P’ and W from the same
proposition for P equal to P. Then, D = P'[X,Y] and

DD* = (P')’[X, X] = (W™ 'P>W)[X, X]. (2.9)

Since w = W[X], we have that W is proportional to W[X, X]. From (Z3), we get P’ = DD*. Also, as
in the proof of Proposition 229 the unique normalised 1-eigenvector vy of P’ satisfies v1[z] = «;, where
ay = /0 are as in Definition

Let 1 = A1 > [A2| > -+ > |\, > 0 be the common list of eigenvalues of P and DD*, and cos §; = \/\;
be the corresponding singular values of D, where i € [n]. Let U denote the step of the internal quantum
walk. By Lemma [2Z22] U has eigenvalues &1 and e*%% . The smallest non-zero phase is

205 > |1 — e2%2| = 2/1 — cos2 0y > 2¢/cos by = 2V/35.

Let R denote the reflection in Line @l As the argument v/8 in the phase detection subroutine is small
enough, R performs the reflection about the 1-eigenspace of U. By Lemma 2:22] it is given by the span
of

'(/) = AUI = Z aw|x>X|¢m>Y

rzeX

and im(A)L Nim(B)+. By our claim, the state of the algorithm always resides in im(A) +im(B). Hence,
we may assume that R reflects about ¢. Then, DflR'Dl performs the reflection about vy in the register
X, and leaves the register Y intact. By putting back the data register, we get that the procedure reflects
about . O

2.3.3 Applications of MNRS Quantum Walk

The MNRS quantum walk is most often applied for the Johnson graph. In this section, we describe such
an application for the element distinctness problem. After that, we provide some other examples.

Recall that we have already seen a quantum query algorithm for the element distinctness problem in
Section 2223l As it has been mentioned, the main purpose of the MNRS quantum walk is to avoid exe-
cution of the set-up procedure on every step of the quantum walk. The Setup procedure in Algorithm 2.8
prepares a superposition over subsets of [N] of size r. The cheapest possible update operation is to re-
place an element in S C [N] with an element outside S resulting in a subset T such that |SNT|=1r—1.
This graph is known as the Johnson graph.

Definition 2.27 (Johnson graph). The Johnson graph J(n,r) has the set of all r-subsets of [n] as its
vertex set. Two vertices S and T are connected iff [SNT|=1r — 1. All edges of the graph have weight
1. We assume that r < n/2.

Since quantum walks are performed on bipartite graphs, we also consider the following family of
bipartite graphs. For r > 1, let G(n,r) be the bipartite graph with parts X and Y that consist of all
subsets of [n] of sizes r and r — 1, respectively. A vertex S € X is connected to T € Y iff S D T'. Let G, »
be the biadjacency matrix of G(n,r) with rows in X and columns in Y, and let J, , be the adjacency
matrix of the Johnson graph J(n,r) (it is not the all-1 matrix).

By applying the construction of Section we get that Q1 = G, ./r and Q2 = Gy /(n — 1+ 1).
The resulting random walk matrix P on X is

GnrGhr 1

QQQl:r(n—r—l—l) Cr(n—r+1)

(Jnr + TI(:)), (2.10)

where I,,, stands for the m x m identity matrix. Indeed, if S # S’ satisfy J,, -[S, S’] = 0, there is no way
to get from S to S in two steps on G(n,r). If J, ,[S,S’] = 1, there is exactly one such path: through
S NS’ Finally, there are exactly r paths of length 2 from S to itself: through any vertex in Y labelled
by a subsets of S. In the following, we estimate the spectral gap of the matrix in (2.10).

Lemma 2.28. If 1 < r < n/2, the spectral gap of the matriz Q2Q1 from (210) is Q(1/r).
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Proof. Fix a value of n, and calculate the eigenvalues of .J,, , by induction on r. The induction base is
Jn,0 that is the zero 1 x 1 matrix. For the induction step, we have the following identities

GG = Jnr + rI(r:) and GnyoGryr=Jdnra+(n—r+ 1)1(2) (2.11)
that hold for all r > 1. They can be proved similarly to (ZI0). The matrices G, G, , and G}, .Gy, - have
the same set of non-zero eigenvalues. Thus, the eigenvalues of J,, , are —r with multiplicity (:‘) — (Tfl),
and {\; +n — 2r + 1}, where {);} are the eigenvalues of J,, ,_1.

The largest eigenvalue of J,, - is >.._,(n — 2i + 1) = r(n — r). The second largest (in absolute value)
eigenvalue is —1+Y._,(n—2i+1) = r(n—r)—n. Hence, the spectral gap of Q2Q1 = (J,,»+7I)/(r(n—r+1)
isn/(r(n—r+1)) =Q(1/r) under our assumption r < n/2. O

Now we are able to improve the algorithm for element distinctness from Proposition 2211

Proposition 2.29. The element distinctness problem on N wvariables can be solved in O(N2/3) quantum
queries.

Proof. We apply the MNRS quantum walk on the graph G(N,r) as described above. The set-up and
check operations were already described in Algorithm 2.8 The diffusion operation is a unitary that does
not require any oracle query. We will not describe it.

It remains to describe the update operation. In this operation, we are given |S)x|T)v|zs)p and the
task is to transform it into |S)x|T)v|2r)p. Let s1 < s3 < --- < s, be the elements of S. The subset
T has the same elements with one removed. As in Proposition 2221l the data register has the form
|z[s1],------ z[sr])b, appended with zeroes if necessary. We proceed as follows. Attach an r-qubit i, and
transform the state

[9)x|T)v|zs)p[0)i = [S)x|T)v|2s)Dli)i; (2.12)

where ¢ is the unique element of [r] satisfying s; ¢ T. Then perform D[i] +— InputOracle(X[:]). This
transforms the data register into

|Z[[S1]], ey Z[[Si_l]],o, Z[[Si_;_ﬂ], ey Z[[Sr]]>D~ (213)

Now, apply the unitary transformation mapping the state in (ZI3) and |i); into

|z[s1]s - - -, 2[si=1]s 2[8i+1], - - - » 2[8+], O)p|2)i.

Finally, undo the transformation in ([Z12]). We have the required state. This operation costs one query.
By Theorem [2.26], the total cost of the algorithm is

O<r+\/f(\/ﬁ+\/;)> =0 (r+N/Vr).

That is optimised to O(N?/3) when r = N2/3. O

Note that only the first sampling of an element in X costs r queries. All others cost only /7.
This is the source of the speed-up when comparing to the algorithm given in Proposition 22211 By
using more sophisticated data structures and QRAQM arrays, it is possible to implement this algorithm
time-efficiently [10].

Recall the definition of the 1-certificate complexity from Section It is the maximum, over
x € f71(1), of the smallest subset S C [N] such that f(z) = 1 for all z agreeing with z on S. The
algorithm for element distinctness can be generalised as follows.

Theorem 2.30. Let f: [¢]Y DD — {0,1} be any function with 1-certificate complexity k = O(1). The
quantum query complexity of f is O(Nk/(k-i-l)).
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Proof. We keep the same graph on parts X and Y, the same set-up, diffusion, and update operation as
in the previous proof. We change the set of marked vertices and the checking procedure.

We say S € X is marked iff it contains a 1-certificate for f on the input string z. The checking
operation is a unitary transformation that does not require any query: the information in |S)x|zs)p is
enough to detect whether S is marked.

The probability an element is marked is ¢ = Q(r*/N*). The spectral gap still is Q(1/r). Thus,
the query complexity of the algorithm is O (7‘ + (%)k/2 \/77) that is optimised to N*/(+1) when r =
Nk/(k+l). 0

Corollary 2.31. The k-distinctness and the k-sum problems from Definitions [[.16 and [I.17 can be
solved in O(Nk/(kJrl)) quantum queries, where N is the number of input variables. The graph collision
problem from Definition [L18 can be solved in O(N?/3) quantum queries.

Consider the triangle problem from Definition [[2Il It is possible to apply Theorem [2.30] here, and
get a quantum query algorithm with complexity O(N3/%) = O(n®/?). However, using the structure of
the problem, it is possible to do better.

Theorem 2.32. The quantum query complexity of the triangle problem on n vertices is O(n*3/10) =

O(N13/20).

Proof. The quantum walk is again on the graph G(n,r). In order to avoid possible confusion with
the input graph, we call the vertices of G(n,r) elements. An element is marked iff it contains exactly
2 vertices of a triangle. Thus, the fraction of marked elements is e = Q(r?/n?). Let us denote, for
simplicity, zqp = 2pq €ven if a > b.

The data register D now contains the values of z4;, for a,b € S. The set-up cost is O(r?) queries, and
the update cost is O(r). For the check subroutine, perform the Grover search for the third node of the
triangle. The check subroutine of the Grover search, in its turn, performs the graph collision algorithm
on the subgraph induced by S as follows. Let ¢ be the potential third node of the triangle. For each
vertex v € S, define g(v) = 1 iff z,. = 1. We can execute the graph collision algorithm here because
we know all the edges connecting the vertices in S. There is a graph collision, if and only if there is a
triangle in G with two vertices in S, and the third one being c. The total checking cost is O(\/ETQ/ 3,
where the logarithmic factors are again due to the applications of Lemma [[.9]in order to reduce error.

The total complexity of the algorithm is

n3/2

O(r2+;(\/ﬁr2/3+ﬁ-r)) :O(r2+7d/3+n\/¥>.

This expression is optimised to O(nw/ 10) when r = n?/5. As usually, the logarithmic factors can be

removed. O]

We will present a better quantum query algorithm for this problem in Chapter @l Apart from
the mentioned applications, the quantum walk on the Johnson graph can be used in matrix product
verification [42], restricted range associativity testing [52], and other problems.

2.4 Chapter Notes

Quantum walks is a very broad area, with a variety of surveys [8 [73] [118]. We mostly followed the latter
in this chapter. We only consider algorithmic applications of quantum walks, in among them, we only
consider discrete-time quantum walks, ignoring the continuous-time quantum walks. For other types of
quantum walks, refer to the above-mentioned surveys.

The oldest quantum algorithm presented in this chapter is the Grover search [62], although at the time
of discovery, its relation to random walks was not noticed. Very soon, it was generalized to quantum
amplitude amplification by Brassard and Hgyer [36], and, independently, by Grover [63]. The name
comes from [37]. Corollary 28 is well-known, see, e.g., [I8]. Our proof is from [48]. The application to
the collision problem, Proposition 2220} is due to Brassard, Hgyer and Tapp [39].
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The quantum phase detection procedure from Section [Z.2.1] is usually presented in the form of quan-
tum phase estimation [5], [49]. The latter additionally uses quantum Fourier transform to estimate the
value of the phase, not just detect whether it is non-zero. For instance, this can be used in quantum
counting [3§].

Most of the first applications of quantum walks followed similar restricted settings as we outlined
for random walks in the preamble. Watrous gives quantum analogues of random walks with low space
complexity [131]. Quantum walks on various types of graphs also have been studied extensively. This in-
cludes walks on the line [I3] motivated by research on quantum cellular automata [98], and k-dimensional
torus [16]. In some specific cases, like for the opposite vertices of a hypercube [(4] or the roots of two
glued binary trees [45], it is possible to obtain exponential advantage over the corresponding classical
hitting times. In [45], the separation is demonstrated over an arbitrary classical algorithm (not necessary
one based on random walks).

The results in Section 2231 are due to Szegedy [128]. Apparently, they can be also deduced from
results by Camille Jordan from the 19th century [7I]. The paper by Szegedy also describes the algorithm
from Theorem Our main quantum walk algorithm in Section is due to Magniez, Nayak,
Roland and Santha [93].

The amplitude-amplification algorithm for element distinctness from Section 2.2.3]is due to Buhrman
et al. [41]. The optimal algorithm in Section[Z33]is due to Ambainis [I0]. Ambainis gives a more compli-
cated proof that was latter generalised to the MNRS quantum walks, yielding the current presentation.
The generalization in Theorem is due to Childs and Eisenberg [46].

The triangle problem is interesting classically because of its connection to matrix multiplication [5].
Quantumly, the first algorithm was due to Buhrman et al. [41]. The algorithm from Theorem is by
Magniez, Santha and Szegedy [95].



Chapter 3

Lower Bounds for Quantum Query
Complexity

In this chapter, we describe some known techniques for proving lower bounds on quantum query com-
plexity. We consider the two main techniques: the polynomial method, and the adversary method.
Sections contain the majority of technical tools we will use in the later chapters. The main
result is Theorem that relates the quantum query complexity of a function to a relatively simple
semi-definite optimisation problem.

The chapter is organised as follows. In Section B.I] we describe the polynomial method and apply it
to the collision and the element distinctness problems. In Section B.2] we define the adversary bound,
and in Section [B.3] we define the dual adversary bound and a closely related notion of the span program.
In Section [3.4 we prove that the dual adversary bound provides an upper bound on the quantum query
complexity.

3.1 Polynomial Method

In this section we describe the polynomial method for proving lower bounds on quantum query complex-
ity. This method is most notable for providing a lower bound on the collision and element distinctness
problems, the result we describe in Section Before that, in Section B.1.1], we explain the relation
between polynomials and quantum query algorithms, and in Section B.T1.2] we show how the relation can
be used to prove lower bounds.

3.1.1 Polynomials and Quantum Query Algorithms

Let I be some finite set of indices. A real (respectively, complex) multilinear polynomial in variables

(xj)jer is an expression of the form
P:Zasnxj, (3.1)

SCI JES

where ag are real (respectively, complex) numbers. The degree of the polynomial, denoted deg P, is the
maximum of |S| over all S such that ag # 0.

A real (complex) polynomial P can be considered as a function P: RY — R (respectively, P: C! — C).
Its value P(x) on a sequence z = (z;) in R! (respectively, C’) is defined by plugging the values of z;
into the right hand side of (BII).

Recall from Section that a quantum query algorithm is a sequence

Uo*)OZHUl%OZ%'H%UT_l—)OZ*)UT

of transformations in H; ® H, ® Hw. Here, U; are input-independent unitary transformations. The
transformation O, depends on the input string z € [¢]"V, and is given by [j);|a), + [4);la + 2;)v, where

49
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the addition is performed modulo q. Let us define a Boolean string z = (2j,4) je[N],ac[q from 2z by

1, ifz;=a;

Zia= 3.2
7 {0, otherwise. (32)

We call Boolean strings thus obtained wvalid. The main observation binding quantum query algorithm
and multilinear polynomials is as follows.

Lemma 3.1. Let A be a quantum query algorithm with O, as the input oracle, and let Z; o be defined
as in (33). Then, the amplitude of any basis state of A after t queries is given by a complex polynomial
of degree at most t in variables Z; q.

Proof. The proof proceeds by induction on t. If ¢ = 0, the amplitude of the state does not depend on
the input, hence, it is a degree-0 polynomial. Assume the theorem holds for a value of ¢, and prove it for
t + 1 as follows. By the inductive assumption, the state of the algorithm before the (¢ + 1)st application
of O, is of the form

) = Piailiila)lidw

J,a,

with deg Pj,; < t. Here j,a and ¢ range over the computation basis elements of j, v and W, respectively.
Since the oracle maps |j)jla)y into |7)jla + z;)v, we have

O.l0) = | D ZiwPiamsi] liila)libw-
J,a,i bElq]

Thus, we see that the amplitudes after the application of O, (the expressions in the square brackets) can
be expressed as complex polynomials of degree at most ¢ + 1. After the application of the unitary Uy, 1,
the amplitudes are linear combinations of these polynomials, hence, are polynomials of degree at most
t + 1 themselves. O

Now we turn our attention to the function that the algorithm computes.

Definition 3.2 (Approximating polynomial). Let f: [¢]Y 2 D — {0,1} be a function, and ¢ > 0 be a
real number. We say that a real polynomial P in variables (Zj.4);je[n],ac[q E-approzimates f, if

|f(2) = P(Z)] <& forall z€D, and 0<P(Z) <1 forall z € [q]V,

where Z = (Z;,4) are as defined in (B3.2]).

Theorem 3.3. Suppose there exists a quantum query algorithm A evaluating a function f: [q)N 2 D —
{0,1} in t queries with error probability €. Then, there exists a polynomial P of degree at most 2t that
e-approzimates f.

Proof. By Lemma [B1] the state of A before the final measurement is of the form
[9) =D Piaaliila)liw
Jrasi

where P; 4 ; are complex polynomials of degree at most ¢. The acceptance probability is expressible as

> PjaiPla, (3.3)

where the sum is over all j and a, and those ¢ in which the output register O contains value 1. (Recall,
we assume that O is a part of the register W.) Each product P;,iP;,; is a polynomial of degree at
most 2t. Also, it has real coefficients, because it equals its complex conjugate. Hence, the polynomial

in (B3] has real coefficients and degree at most 2t. O

For Boolean functions this result can be stated in a bit nicer way.
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Corollary 3.4. Suppose there exists a quantum query algorithm A evaluating a Boolean function
f: 40,13 D D — {0,1} in t queries with error probability €. Then, there exists a polynomial P in
variables (z;)jen) of degree at most 2t such that

|f(z) — P(2)| <e forall z€D, and 0< P(z) <1 forall ze {01}V,
Proof. Apply Theorem B3] and note that z; 1 = z; and z;0 =1 — z;. O

In this case, we also say that the polynomial P e-approximates f. If ¢ = 0, we say that P represents
f exactly.

3.1.2 Lower Bounds by Polynomials

The idea behind proving lower bounds for quantum query algorithms using the polynomial method is as
follows. Assume a quantum query algorithm A calculates a function f in ¢ queries with error probability
€. By Theorem B3] there exists a polynomial P that e-approximates f and has degree at most 2t.
Transform P into a univariate polynomial (i.e., a polynomial in one variable), and argue using lower
bounds for univariate approximating polynomials.

We start with transforming a multivariate polynomial to a univariate one. One of the basic ways
is as follows. Let P be a polynomial in variables z1,...,2,. If 7w is a permutation on n elements and
z € {0,1}", then denote by 7(2) the string (Zx(1)» - - - Zr(n)) Obtained from z by permuting its elements
according to 7. Let S, denote the symmetric group of order n consisting of all n! permutations on n
elements. Define the symmetrisation PY™ as the following polynomial in n variables:

PY™(2) = % > P(x(2)).
" wES,

Lemma 3.5. If P is a multilinear polynomial, then there exists a univariate polynomial Q of degree at
most deg P such that P¥Y™(z) = Q(|z|) for all z € {0,1}™. (Here, |z| denotes the Hamming weight of z.)

Proof. By linearity, it is enough to consider the case of P being a monomial ] jes# with S C [n].
Denote k = |S|. For any z of Hamming weight ¢, the value of P on m(z) is 1 if and only if 7=1(9) is
contained in the value-1 variables of z. Hence, PSY™ = ¢k(n — k)!/n!, where

=0t -1)---(—k+1)
is the falling power. Thus, P*¥™ is degree-k polynomial in £. O
We bound the degree of the approximating univariate polynomial using the following result:

Lemma 3.6 (Paturi [107]). Let Q be a real univariate polynomial of degree at most d, and a < b be
integers. Assume the following holds

e |Q(i)] <1 for all integers i € [a,b];
e there exists a real number & between a and b such that |Q([£]) — Q(&)| = Q(1).

Then,

d:Q(\/(g—a+1)(b—£+1)).

Recall the k-threshold function from Definition The function evaluates to 1 if the Hamming
weight of the input is at least k.

Proposition 3.7. The quantum query complexity of the k-threshold function on N wvariables is
Q(/k(N —k+1)). Moreover, the same lower bound holds in the promise that the Hamming weight
of the input is either k — 1 or k.
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Proof. Let A be a quantum algorithm calculating the OR function in ¢ queries with error at most 1/3. By
Theorem B3] there exists a polynomial P in variables 21, ..., z, of degree at most 2t that approximates
the k-threshold function.

Thus, we have 0 < P¥™(y) < 1/3if |y| = k — 1, and 2/3 < P¥™(x) < 1if || = k. Let Q be the
univariate polynomial that corresponds to P per Lemma[B3Hl Then, 0 < Q(k—1) <1/3,2/3 <Q(k) <1,
and 0 < Q(i) <1 for all integers ¢ from 0 to N.

Consider ¢ = Q(k —1/2). If ¢ > 1/2, define £ = k —1/2, a = 0, and b = N. With this
choice, |Q(|&]) — Q(&)| > 1/6, hence, the conditions of Lemma hold, and the degree of @ is
0 (\/(k T12)(N —k+ 3/2)) = Q(/E(N —k+1)).

If ¢ < 1/2, we obtain a similar result for the polynomial Q(z) = Q(N — z) with & = N — k + 1/2

and the same values of a and b. As the degree of ) is at most the degree of P, we get that t =
Q(E(N —k+1)). O

This means that the algorithm in Corollary .19 is tight. In particular, the quantum query complexity
of the OR function on N variables is Q(v/N), implying the optimality of the Grover’s search. Also, by
an argument similar to Theorem [[.23] we get that the quantum query complexity of a function f is
Q(bs(f)). By combining with Theorem [[.24] we get the following result (recall that Q(f) stands for the
quantum query complexity of f):

Theorem 3.8. For any total Boolean function f, D(f) < Q(f)°.

This is the best known lower bound on Q(f) in terms of deterministic complexity. The best known
separation is quadratic, given by the Grover search.

3.1.3 Collision Problem

Recall from Definition [[.LT19 that in the collision problem on N = 2n variables one has to detect whether
the input is 1-to-1 or 2-to-1. One of the main results obtained via the polynomial method is the lower
bound for the collision problem.

Theorem 3.9. The quantum query complexity of the collision function on N wariables is Q(N/3).

Before we proceed with the proof, let us make some observations. Firstly, the lower bound is tight
because of Proposition 22201 Also, it has the following important consequence:

Corollary 3.10. The quantum query complexity of the element distinctness problem on n variables is
Q(n?/3).

Proof. Assume we have a quantum algorithm A4 solving the element distinctness problem for inputs of
size n. We will show how to construct a quantum algorithm for the collision function on inputs of size
N = n? using A as a subroutine.

Let z € [g]" be the input to the collision problem. Select an n-subset S of [N] uniformly at random.
If all the elements of z are distinct, then such are the elements inside S. If z is divided into pairs of equal
elements then, by the birthday paradox, we obtain that S contains two equal elements with probability
Q(1). This means that we can apply A in order to distinguish these two cases. Thus, the complexity
of A is at least the complexity of the collision problem on an input of size N. By Theorem B.9 it is
Q(N/3) = Q(n?/3). O

Recall form Definition [[L20] that the set equality problem is a special case of the collision problem,
and the hidden shift problem is a special case of the set equality problem. Consequently, the O(N 1/ 3)
upper bound for the collision problem translates to the set equality problem. The best known lower
bound, however, is only Q((N/log N)'/5) as shown by Midrijanis [99].

The situation with the hidden shift problem is more interesting. This problem reduces to the so-called
hidden subgroup problem in the dihedral group [79], and the latter has logarithmic query complexity [55].
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Proof of Theorem[3.9 The first step is the same as in the proof of Proposition B.7l Let f: [¢]Y — {0,1}
be the collision function where ¢ > n. Assume there exists a quantum algorithm calculating f in ¢ queries
with error probability 1/3. Then, there exists a degree-2t real polynomial P that 1/3-approximates f.

Next, it is necessary to obtain an univariate polynomial out of P. This is done in two steps. At first,
a polynomial @) in three variables is obtained using symmetrisation. After that, an univariate polynomial
is obtained from Q) using restrictions. The last step requires some case analysis.

We start with obtaining . Assume z € [¢]" is an input. If 7 = (m;,m,) € Sy x Sg, let 7(z) denote
the string y € [¢]" defined by y[j] = my(z[mi(j)]). For a real polynomial P in variables Z; ., let its
symmetrisation be the function on [¢]" defined by

ﬁmszheggpﬁm.

where 7(2) is defined similarly to (32)), that is
:F,m@thm

(2, .
0, otherwise.

)ja
We call a triple (m, b,b’) of non-negative integers good, if m < N, b divides m and ¥’ divides N —m. Let
2(m:b:0) be any input that is b-to-1 on m input elements, and b'-to-1 on the remaining input elements.
In particular, one can take

Smay _ ) 13701, 1<j<m
’ m/b+[(j —m)/b], m+1<j<N.

Lemma 3.11. For each polynomial P in variables Z; ., there exists a polynomial @ in variables m, b
and b’ such that Q = Psym(z(m’b’b/)) for all good triples (m,b,b’). Moreover, deg @ < deg P.

Proof. Again, by linearity, we may assume P equals a monomial Zj, 4,%j, a5 * * - 2ju,aq- 1f there are equal
elements among ji, ..., jq4, the value of the monomial is 0 for all valid strings Z, because one of z; , with
equal values of j will be equal to 0. So, assume all j are distinct.

In order to compute P¥™(z(m:0:0)) it suffices to count the number of permutations 7 = (m;, m,) €
Sn x Sq such that Z[mi(j;), mv(a;)] = 1 for all ¢ € [d]. Let ¢ be the number of distinct elements among
ai,as,...,aq. Denote the values of the distinct elements by ci,...,cs, and let k; be the number of
appearances of ¢; in the sequence aq,as,...,aq. Let us fix L C [{] and consider those 7, only that map
¢i, with ¢ € L, to the b-to-1 part of the input (i.e., 1 < my(¢;) < m/b for all i € L and only them). For
the ease of notation, let us assume L = [¢/]. Then, the number of permutations = mapping all Z[j;, a;]
to ones is

m(b—1E=L (m —b)(b— 1)E2=L ... (m — bl —1))(b—1)Fe=L
x (N=m)(t = DEa=l (N = — 0 (0= 0 = 1)) (1 — 1)kl
The first multiplier, m, is the number of ways to fix the value of ;(j;) for the first element with a; = ¢;.
The next multiplier, (b — 1)¥2=1 is the number of ways to fix the indices of 7;(j;) for the remaining 4
with a; = ¢1, and so on.
This is a polynomial of degree at most k; + - - - + k; = d in variables m, b and ¥'. The value of P*y™

is the sum over all choices of L divided by N!q!. Hence, it is a polynomial in m, b and b’ of degree at
most d as well. 0

Let @ be as in Lemma BT for the degree-2t polynomial P that 1/3-approximates f. Then, @ satisfies
the following constraints:

e 0 < Q(m,bt') <1 for all good triples (m,b,b');

e 0<Q(m,1,1) <1/3 for all m;

e 2/3<Q(m,2,2) <1 for all even m.
Let M = 2| N/4| be the closest even number to N/2. Consider two cases:
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Q(M,1,2t +1)/2, and

Case I Assume Q(M,1,2) > 1/2. Define a univariate real polynomial g(t) =
| <1 for all integers ¢ in the

let k be the least positive integer such that |g(k)| > 1. Thus, we have |g(i)
range [0,k — 1]. Also,
Q(M7172) — Q(Ma 1) 1) > 1

g(1/2) — g(0) = 5 >

By Lemma B8 we have
deg Q@ > deg g = Q(Vk). (3.4)
Now consider the polynomial h(t) = Q(N — (2k +1)¢,1,2k + 1). For any integer 0 < i < N/(2k +1),
the triple (N — (2k + 1)i,1,2k 4+ 1) is good, hence, |h(i)| < 1. But,
N-—-M
I

)| = 100 1,2k + )] = 29000 2 2

Hence, by the same lemma,
deg @ > degh = Q(N/E). (3.5)

Case II Now assume Q(M,1,2) < 1/2. In this case, the argument is similar. Let g(t) = Q(M, 2t +
1,2)/2, and let k be the least positive integer such that |g(k)| > 1. Again,

0(1/2) - g(0) = Q22 ZQULLE) L 1

and by Lemma B0 we obtain ([B4]). Consider the polynomial h(t) = Q((4k + 2)t,2k + 1,2). For any
integer 0 <4 < N/(4k + 2), the triple ((4k + 2)i,2k 4 1,2) is valid, hence |h(i)| < 1. But,

M
‘h(4k+2)‘ =|Q(M,2k +1,1)| = 2|g(k)| > 2,

and by Lemma 3.6 we again obtain (B3]

Finishing the Proof In both cases, we get that deg@Q = Q(\/E) and deg @ = Q(N/k). Hence,
deg Q = Q(N'/3). O

3.2 Adversary Method

In this section, we define the adversary lower bound on quantum query complexity. We do this in a
number of steps. In Section B.2.1] we define the basic adversary method, and give a number of its
applications. In Section B.2.2] we define its generalisation, the adversary bound. At the first glance,
they may seem different, but in Section B.2.3] we prove the generalisation relation between the two. In
Section [3.2.4] we prove that the adversary bound is indeed a lower bound on quantum query complexity.

3.2.1 Basic Adversary Bound

In this section, we describe a simple version of the adversary bound, as it was defined in the pioneering
work by Ambainis [6]. This version of the bound has been used extensively, because of its highly intuitive
nature. In order to prove an adversary lower bound for a function f with Boolean output, one has to
come up with a set X of inputs from f~1(0), and a set Y of inputs from f~1(1), that are hard to
distinguish by one query. A formal statement is as follows:

Theorem 3.12. Let f : [¢]Y 2 D — {0,1} be a function. Suppose X C f~1(1), Y C f~40), and a
relation ~ between X and Y are such that

e for each x € X, there are at least m different y € Y such that x ~ y;
o for ecach y €Y, there are at least m’ different x € X such that x ~ y.
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For x € X and j € [N], let L, ; (respectively, U, ; fory € Y) be the number of y € Y (respectively,

x € X) such that x ~y and x; # y;. Let byax denote the mazimum of £, ;t,, ; over allx ~y and j € [N]

such that x; # y;. In this case, any quantum algorithm evaluating f uses Q ( T—W) queries.

In particular, Q(f) = Q ( 7%’}/) where £ = max{; ; and ¢’ = max/{ ;.
We will obtain this theorem as a subsequence of a more general result, Theorem [B.I8 But for now, let
us give some examples of how this lower bound may be applied. We start by reproving Proposition 3.7

Proposition 3.13. The quantum query complexity of the k-threshold function on N wvariables is
Q(Vk(N —k+1)).

Proof. Let X consist of all inputs of Hamming weight k£, and let Y consist of all inputs of Hamming
weight k—1. We say that x ~ y if x and y differ in exactly one position. In the notations of Theorem [3.12]
we get that m = k and m’ = N — k + 1. Also, £ = ¢’ = 1, hence, the quantum query complexity of the

k-threshold function is Q(y/k(N — k + 1)). O

Proposition 3.14 (OR of ANDs, Ambainis [6]). Consider the following function of N = n? Boolean
variables (z; )i jein)

(z1a N ANzip)V(zea A Nzap) VeV (2n1 Ao Azng) (3.6)

where A stands for the logical AND, and \V stands for the logical OR. The quantum query complexity of
this function is Q(n) = Q(V'N).

Proof. Let X consist of all inputs such that one block in ([B.6]) evaluates to 1, and in all other blocks
there is exactly one variable equal to 0. Let Y consist of all inputs such that in all blocks of (30) there
is exactly one variable equal to 0. Clearly, f(X) = {1}, and f(Y) = {0}. Wesay that x € X and y € Y
are in the relation, x ~ y, if x and y differ in exactly one position.

In the notations of Theorem B.12] m = n, because an input in X may be transformed to an input
in Y by changing any variable in the block evaluating to 1. Similarly, m’ = n, because flipping any 0
to 1 changes an input in Y to an input in X. Again £ = ¢/ = 1. By Theorem 312 the quantum query
complexity of the function is Q(n). O

The previous proof is very concise. The proof of the same result using the polynomial method is
much more complicated. It has been an open problem for a long time, and only very recently it was
proven [43] [120] that the degree of the approximating polynomial is Q(n). In Example B30 we will see
an example of a provable separation between the polynomial lower bound and the true quantum query
complexity.

Proposition 3.15 (Graph Connectivity, Diur et al. [54]). Assume we are given a simple graph G on
n vertices by its adjacency matriz (z;j)1<i<j<n. The task is to detect whether the graph G is connected.
The quantum query complexity of this problem is Q(n>/?) = Q(N3/4).

Proof. Let X be the set of all graphs on the vertex
set [n] consisting of one cycle going through all the
vertices, and let Y be the set of graphs formed by two
cycles, each of length at least n/3, such that each vertex
belongs to exactly one of the cycles. Clearly, all graphs
in X are connected, while all graphs in Y are not. We
say that a graph x € X is in the relation with a graph
y €Y, x ~ y, if there exist 4 distinct vertices a,b,c,d
such that y can be obtained from z by removing edges
ab and cd and adding edges ac and bd (cf. Figure B]).
Figure 3.1: A graph from the set X on the left, For any # € X and any edge ab of z, we have £, =
and a graph from V" on the right. They are in /3, because any edge of z at distance at least n/3 from
relation with each other. ab may serve as cd. If ab is not an edge of z, then £,
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is at most 2. Similarly, for y € Y, we have £ ,. = O(n)
if ac is an edge of y, and f;’ac < 4, otherwise. Since there are n edges in a graph from z, we have

m = %Zab:rabzl lpap = Qn?). Similarly, m’ = Q(n?). Also, we have that ¢, = O(n), because,
given that x4y # Yab, one of £y 4p, %,ab is O(1), and the second one is O(n). Thus, the quantum query

complexity of the problem is ) (, /?TTZ:) = Q(n3/2)' 0

3.2.2 General Adversary Bound

The lower bound in Section [3.2.1] proceeds by providing hard-to-distinguish input pairs that evaluate
to different values of the function. However, sometimes, in order to obtain a good lower bound, it is
vital to take not-so-hard-to-distinguish pairs into consideration as well. But since the distinguishability
of the pairs is different, it is tempting to reflect this in the bound. It is achieved by assigning different
real weights to different input pairs. This leads to the matrix formulation of the bound. For the sake of
generality, we consider functions with possibly non-Boolean output.

Definition 3.16. Let f: [¢]Y O D — [{] be a function. An adversary matriz for the function f is a
non-zero D x D real symmetric matrix I' such that I'[z, y] = 0 whenever f(z) = f(y). And, for j € [N],
let A; denote the D x D matrix defined by

0, z; =uyj;
Aj[[x,yn{ o

1, otherwise.

Definition 3.17. Let f be as in Definition The adversary bound is defined by

L
ADVE(f) = max | : (3.7)
I maxje(n) [T o Al
where the outer maximisation is over all adversary matrices I" for f.
As T is real and symmetric, there exist a real unit vector § such that [6*T'6| = ||T'||. Also, by
substituting T’ by —T, if necessary, we may assume that 6*T'0 = ||T'||. We will call a vector satisfying

the last condition the principal eigenvector of I'. Everywhere in this chapter, we assume that entries of
matrices and vectors are real.
The following theorem is the technical cornerstone of the thesis.

Theorem 3.18. The quantum query complexity of a function f: [q]N D D — [{] is O(ADVE(f)).

We will prove the first half of the theorem (the lower bound) in Section B:2:4l and the second half
(the upper bound) in Section B4l The upper bound will be only proven in the case of functions with
Boolean output. That is the only case for which we apply the theorem. Examples of applications will
be given in Section B33 after we introduce all the related notions. We end this section by a number of
small technical results useful in applications of Theorem [B.18

Lemma 3.19 ([86]). Let A; be as in Definition[310. Then, for any matriz A of the same size,
Ao Al < 2| A]l.

We will use it to replace I'oA; in the denominator of (B.7) with a matrix I'V such that ToA; =TVoA,.
By Lemma [319] this gives the same result up to a factor of 2. We will denote this relation between

A .
matrices by I' —> TV,

Remark 3.20. Assume the function f has Boolean output (i.e., £ = 2). This is the most common case
in the thesis. Then, any adversary matrix can be represented in the following form

r- ((F‘?)* 1;))
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where the elements of D are ordered so that the positive inputs precede the negative ones. Moreover,
the non-zero eigenvalues of I' are exactly the plus-minus singular values of IV. Hence, in particular,
[Tl = [IT’||. The same is true for I o A; as well. Thus, in the case of Boolean output, we usually abuse
the notation and call the f~1(1) x f~1(0) matrix I'" an adversary matrix, and denote it T.

In some cases, it is convenient to use the same label for different rows (and columns) in I'. More
precisely, let the rows of a real symmetric matrix T' be labelled by elements of the form (z,a) where
2 € D, and a is some additional parameter used to distinguish rows with the same value of z. Still, it is
required that I'[(z, a), (y,b)] = 0 if f(z) = f(y). Let D be the set of the labels of the rows of I'. Define
the D x D matrix ﬁj by

Al a), (v 0)] = {O’ Tj =Y

1, otherwise.

Proposition 3.21. IfI" and Zj are as above, then
T

max;eqy) |10 A

ADV=(f) >

Proof. Let § = (0,,4) be the principal eigenvector of I'. Thus, 6*I'¢ = ||T'||. We are going to construct an
adversary matrix I'V in the sense of Definition B.I6] from I'" and 6. For all z,y € D, let:

1
8= | > ~5%,a and  D'[z,y] = 5 > ~5m,a<sy,brﬂ(ac,a),(y,b)]].
a:(z,a)€D a:(x,a)€D

b:(y,b)eD

Then it is easy to see that ¢ = (J7,) satisfies ||0’|| = 1 and (§")*I'¢" = §*T'9, hence, |TV|| > ||T|.
And vice versa, if ¢’ = (¢’,) is such that ||| = 1 and (¢")*(I" 0 Aj)e’ = [TV 0 Ajl|, let €, 4 = 0. q€% /0.

Again, ||| = 1 and £*(I' 0 Aj)e = (¢/)*(I” o A;)e’, hence, ||[I7 o A;|| < ||IT o Aj||. This means that I
provides at least as good adversary lower bound as I' does. O

3.2.3 Positive-Weighted Adversary

Although the formulation of the general adversary bound looks completely different from the basic
adversary bound, there is a general way of relating the two. It is based on the following

Lemma 3.22. Assume A, B and C are real matrices such that A= B o C. Then,

Al < J(B)e: (O), .
A< max r(B)ey(C) (33)

where r;(B) is the {a-norm of the ith row of B, and c;(C) is the la-norm of the jth column of C.

Proof. We only prove that ||A|| < max; ; r;(B)c;(C) that is a result from [97]. It is already enough to
obtain the Q(y/mm’/¢') lower bound from Theorem using the construction of Proposition B.23]
further in the text. For a proof of the general case, refer to [126].

Let 6 and §’ be real unit vectors such that ||A]| = |6*A¢d’|, and denote D = diagd and D’ = diagd’.
Then, by the Cauchy-Swartz inequality,

X %,]
J

|4l = (DB, CD")| < |DB| D'l = \/ (X a2ru(?) (32(6)%¢,(0)?) < maxri(Bley(€). O

Proposition 3.23. Theorem implies Theorem [3.12.

Proof. Assume f, X,Y and ~ are as in Theorem .12} Define the f~!(1)x f~1(0)-matrix I by I'[z,y] = 1
if x ~y, and Tz, y] = 0, otherwise. (We use Remark here.)
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Let {e.} be the standard basis of CP. Define dx = \/ﬁ Y scx €z, and oy = ﬁ > _yey €y- Then,

| (X)) —r
VXY VXTIV

Now, let B; = C; = I" o A;. In the notations of Theorem BI2] r,(B;) = /{5, for all z € X, and
cy(Cy) = /¢, ; for all y € Y. By Lemma B.22] [T 0 Aj[| < \/fmax. Thus, by Theorem 318 I' provides

an adversary lower bound of Q(\/mm/ /[l ax). O

In the preceding proof, we seek a decomposition I' 0o A; = B; o C; such that the right hand side
of (B.8) is small. Note that Lemma only operates with the ¢s-norms of the rows and the columns of
B or C, that does not depend on the signs of the entries. Also, |||T'||] > ||T'||, where |T| is the entry-wise
absolute value of T'. Thus, if Lemma is used to estimate ||[T'o A, ||, it is without loss of generality to
assume I', B; and C; all have non-negative entries. (In fact, Ref. [97] proves that for any matrix A with
non-negative entries, the equality can be attained in ([8.8]).) This justifies the following

IT[| = 0% Loy =

{(z,y) |z ~y} =

Definition 3.24. The positive-weighted adversary ADV(f) for the function f is defined as in ([B7) with
the maximisation over all adversary matrices I' with non-negative entries.

To distinguish the adversary bound from this special case, we sometimes call it negative-weight,
or general adversary bound. The applications of positive-weighted adversary are not limited to just
Theorem [B.12] as we will see in Example

The absence of a handy tool like Lemma for tight estimation of |I' o A,|| when I' has negative
entries makes application of the latter rather complicated. But it is important to keep in mind that the
positive-weighted adversary, as intuitive it may be, is subject to some severe limitations we describe in
Section

3.2.4 First Half of the Proof of Theorem 3.18

In this section, we prove the first half of Theorem BI8], namely, that Q(f) = Q(ADVi( f)). Assume we
have a quantum query algorithm that evaluates f. We define a quantity called the progress function. It
measures the distinguishability of the states of the quantum algorithm corresponding to pairs of inputs
with different values of the function.

In the beginning of the algorithm, its state does not depend on the input, hence, the states are com-
pletely indistinguishable. Just before the final measurement, the states of the algorithm, corresponding
to inputs with different values of the function, are projected to orthogonal subspaces, hence, the distin-
guishability is high. If one query to the input oracle does not change the progress function by much, this
yields a lower bound.

More formally, let T denote the total number of queries performed by the algorithm. If ¢ is an integer
between 0 and T, and z € D, define the state of the algorithm corresponding to z after ¢ queries by

v = U,0,U,_,0, - - U,0,Up|0). (3.9)

Recall from Section [l that O, = @;V:o O, where (O4)a¢|q is a family of unitaries. Due to Remark [[3]

we may assume that the vectors w?’ have real entries.
Let § = (4,) be a principal eigenvector of I'. The progress functions is defined by

WO = 3" Tla,y]d,8, 0, $0). (3.10)

z,ye€D

We split the proof into three parts: proving that W(® is large, proving that W) is small, and proving
that W® — W+ is small.

Claim 3.25. We have W© = ||T.
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Proof. This part is trivial. We have ¢£0) = Up|0) no matter what z is. Hence, ( O, 1(,0)> =1 for all
x,y € D. Plugging this into (BI0) gives

WO = 3" T[x,y]d,6, = 6T5 = T O
z,y€D
Before we proceed, we need a simple result from linear algebra.
Lemma 3.26. Let A be n x n matriz, and U and V' be m x n matrices with columns {u;};c}, and
{vitiemn), respectively. Then,
| > ALl v)| < 1A 1V e
i,j€[n]
Proof. Indeed, using the Cauchy-Swartz inequality, and the definition of the spectral norm:
‘ > A[[i,j]]<ui,vj>‘ =AUV = [UA V)| < [[UA[p Ve < [[AI 1Tl Vg - H
i,j€[n]

Claim 3.27. We have W) < 2,/2||T|.

Proof. Denote for brevity ¢, = ng). By the assumption on the correctness of the algorithm, there exist
orthogonal projectors {Il,}qe[y such that HHf(Z)wzHQ >1—¢ for all z € D. Denote [T} = I —1TI,, so
that ||ij'(z)¢z“2 < ¢ for all z € D. We have

W= 3" Tla,y10u0y (o) e, Iy thy)
z,yeD

+ Z Fﬂzayﬂax5y<¢xvnﬁy)¢y>+ Z F[[l'vy]](sxay(H}_(x)@[}vaf(y)@[}w

z,y€D z,yeD

(3.11)

Note that the first term of B.I1) equals 0. Indeed, if f(z) = f(y), then I'[z,y] = 0; otherwise Iy,
and Iy, project to orthogonal subspaces. For the second term, let U and V' be the matrices having
Uy = 03, and v,y = 5yH,%(y)¢y as their columns, respectively. Then, by Lemma [3.26] the second term
of B.I1)) is at most ||| [|U]||g ||V ||z. We have

2 2
10N =Y aalleal®> <1, and  [[VIg = 6z, byl° <e.
z€D yeD

Thus, the first term is at most /2||T||. For the third term, the same estimate can be obtained. O

Claim 3.28. We have [W®) — WD | < 2max;e(ny [T 0 A
Proof. Denote 9, = z/;?) and ¢, = 9“). The vector ¥, can be decomposed as EB;.V:O . ; where the
decomposition is the same as for O, after (3.9). The idea behind the proof is that if z; = y;, then the

oracle does not change the inner product between v, ; and 1), ;, hence, the corresponding entry of I' can
be ignored. More formally, for any =,y € D, we have

N
(artby) — (W, 00 = (g, ¥y) — (Oatha, Oythy) = Y Xayj»
j=0

where Xy, = (Va,j; Vy,j) = (Oz;Ve,j, Oy, 1by,5). Note that x,, ; = 0if x; = y;. In particular, x4, ; =0,
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if 7 = 0. Thus,

|W(t) _ W(t+1)| —

Z Iz, y]6.9, (<¢xa¢y> - <¢;v¢;>)‘

z,yeD
N N
Z Zrﬂxvyﬂéx(;yX:c,y,j = Z Z (Lo Aj) [z, y]0s0yXa,y,j
z,y€D j=0 j=1=z,yeD
N N
Z Z (I o Aj) [, y] 020y (Vo 5, ¥y.5) JFZ Z (Lo Aj) [z, y]02:0y(Ox; a5, Oy, by} |- (3.12)
j=1'z,yeD j=1'z,yeD

Let us estimate the second term, the first one being similar. For j € [N], let U; be the matrix with
columns w; . = §.0.,v. j. Thus, by Lemma [3.26] the second term of ([B.12) is at most

N

oo A U7 < maXHFOA ||Z||U %,
j=1 j=1
and, finally,
N N
STl =23 8205, baull = 262Z|\w| <382 = 18] =
j=1 j=12z€eD z€D j=1 z€D

By plugging this in (3I2), and using the same estimate for the first term, we obtain the required
inequality. O

Let € be the error of the quantum query algorithm. Usually it is 1/3, but by Lemma [[T2] we may
reduce it below any positive constant by introducing a constant multiplicative overhead. If we take
e = 1/5, then 24/ < 1, hence, Claims 325, B.28 and 327 are enough to deduce that T' = Q(ADVE(f)).

3.3 Duality

The aim of this section is to give an alternative formulation of the adversary bound as an optimisation
problem. This is achieved in Section B3Il This formulation will become more important in Section [3.4]
when we show how to convert it into a quantum query algorithm. As a by-product, in Section B.3.2]
we obtain some limitations on the positive-weighted adversary. In Section B.3.3] we give a number of
examples of applications of the adversary bound and its dual. In Section [3:3.4] we define span programs,
a notion closely related to the dual adversary bound.

3.3.1 Dual Adversary Bound

Theorem 3.29. Let f: [q]Y D D — {0,1} be a function. Then, the adversary bound ADVi(f) is equal
to the optimal value of the both following optimisation problems:

maximise  ||T] (3.13a)
subject to [T oA <1 for all j € [N]; (3.13b)
I is an adversary matrix. (3.13¢)
and

minimise  max > X[z, 2] (3.14a)
subject to Z X,[z,yl =1 forallxze f*(1) and y € £~(0); (3.14b)

Ji@iFy;
X; =0 for all j € [N], (3.14¢)

where (X;)jen are positive semi-definite matrices with rows and columns labelled by the elements of D.
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Proof. Equation ([BI3]) is a mere restatement of the definition of the adversary bound. Thus, it is
necessary to prove that the optimisation problems [BI3)) and (3I4) have equal optimal values. This is
done using semi-definite duality. For a brief explanation of semi-definite optimisation, the reader may
refer to Section

First of all, we transform (B3] into a form more suitable for taking the dual. As in the proof of
Proposition B.2I] we may assume § = () is a normalised ||I'||-eigenvector of I' with real entries. The
objective value ([3I3al) equals

IT|=6Ts=2 > 6,6,T[x,y].

zef (1)
yef1(0)

Also, from Remark we know that since f has Boolean output, the spectrum of I o A; is symmetric
with respect to 0. Thus, Eq. (B.I3B) holds if and only if
ToA;<I  forallje[N] (3.15)
Let us define the matrices
A=(zy) and M = diag(u,) (3.16)

by A =T o (66*) and M = I o (6§*) = diag(d?2), respectively. By taking the Hadamard product of both
parts of (BI5]) with 60* > 0, we get Ao A; < M. Thus, we see that the optimisation problem BI3)) is
equivalent to the following one

maximise 2 Zmef—l(l) Azyy (3.17a)
yef(0)

subject to ZZGD py =1 (3.17b)

M > AoA; for all j € [N]; (3.17¢)

pz >0 for all z € D; (3.17d)

A is an adversary matrix. (3.17¢)

Indeed, we have just shown how a feasible solution for (8I3) can be transformed into a feasible solution
for (3I7)). For the reverse direction, we at first prove that p, = 0 implies that the zth row of A contains
only zeros. Assume that p, = 0, take any 2’ # z, choose any j such that z; # zé-, and consider the
2 x 2 submatrix of (BI7d) given by the rows and the columns labelled by z and 2’. The non-negativeness
condition implies that A, ,, = 0. Thus, the transformation from BI3) to (BIT) can be reversed by
assigning 0, = /g and I'[z,2'] = A ./ /(0.9.) with the agreement that 0/0 = 0.

Now we construct the dual of (BI7). For that, we write out the Lagrangian:

LMt X) =2 Y Agy+ (1 -> uz> t+ Y (M —AoAjX;), (3.18)

zef1(1) zeD JE[N]
yef~(0)

where t € R, and {X};¢[n] are positive semi-definite D x D matrices. Let us transform the Lagrangian
to aid with taking the supremum. Let {e.} be the standard basis of CP. Then the Lagrangian equals

Z /\w,y + (1 - Z Nz) t+ Z tr<|:z ,uzezez - Z )\Lyele;;] Xj)
zy: f(2)#f(Y) 2€D JEIN] 2€D zy: f(2)#f(y),

T #Yj

SSED RO T IR D SENP I (B SR %)

z€D JE[N] z,y: f(2)#£f(y) J:®Fy;

t+zuz<z Xj[[z,z]]—t>+ > )Aw(1— > Xj[[:c,y]]). (3.19)

z€D JE[N] zy: f(@)#f(y Jrai#Y;
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By optimising [B.19]), we get

; if t >3 e Xjlz, 2] for all z € D,
sup  L(p,M\t,X)={" and Zj: . Xjlz,y] =1forall x € f~1(1) and y € f~1(0);

: >0, A .
fotz= +o00, otherwise.

That gives us the optimisation problem:

minimise ¢ (3.20a)
subject to ¢ > Zje[N] Xjlz,2]  forall z € D; (3.20Db)
Z. . Xjlz,y] =1 forallze f~!(1) and y € f~1(0); (3.20¢)

i Ay
X; =0 for all j € [N]. (3.20d)

Thus, the optimal value of [B20]) is at least the optimal value of [BIT). Also, it is easy to see that (320
is equivalent to (BI4]). To prove the equality, we use Slater’s condition. By this condition, it is enough
to prove that ([B.I7) is convex and strictly feasible. The first condition is trivial, because the objective
function and all the constraints are linear in A and p. Strict feasibility also holds, because one may take
Agy =0 for all z,y, and p, = 1/|D| for all z € D. O

3.3.2 Limitations of Positive-Weighted Adversary

Theorem 3.30. Let f: [¢]Y 2 D — {0,1} be a function. The positive-weighted adversary ADV(f) is
equal to the optimal value of the following optimisation problem:

minimise  max » X[z, 2] (3.21a)

subject to Z X;[z,y] >1 forallz € f7*(1) and y € f~1(0); (3.21b)
Jr @i 7#Y;

X; =0 for all j € [N], (3.21¢c)

where X, for j € [N], are positive semi-definite matrices with rows and columns labelled by the elements

of D. Without any loss in the estimate, one can assume that matrices X; are rank-1, i.e., given by
Xj = Ql}jlﬂ;( with 1/}j € RP.

Proof. The proof goes along the lines of the proof of Theorem By definition, the positive-weighted
adversary equals the optimal value of (BI3)) when I' ranges over matrices with non-negative entries.
Hence, it equals the optimal value of (BI1) with the additional condition that A, , > 0 for all z,y. The
Lagrangian still equals [B.I9)). By taking the supremum, we arrive at

. if t >3 e Xilz, 2] for all z € D,
sup L, \t, X) =" and 3. " Xjlz,y] >1forall x € f~1(1) and y € f~1(0);

At >0, >0 .
oAt fz =B Aey = 400, otherwise.

This trivially yields 32I). As X; = 0, there exist vectors ¢; . € R? where z € D and d is some integer,
such that X[z, 2] = (#j,z, ¢j,r) for all z,2" € D. Then, we may define X; = ;47 with ¢;[2] = [¢; |-
This does not change X[z, z], but may only increase X[z, 2'].

Using this upper bound on the value of positive-weighted adversary, it is easy to prove some no-go re-
sults for this lower bound technique. (The certificate complexities Cy and C are defined in Section [[6.21)

Proposition 3.31. Let f: [q]Y 2 D — {0,1} be a function. Then,

(a) ADV(f) < \/Nmin{Co(f), C1(f)};
(b) if f is total, i.e., D = [q|V, then ADV(f) < /Co(f)C1(f);
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(c) if f is such that the Hamming distance between f=(0) and f~1(1) is eN then ADV(f) < 1/e.

Points (a) and (b) are known as the certificate complexity barrier, and Point (c) is known as property
testing barrier. In particular, Point (c¢) implies that the positive-weighted adversary cannot prove non-
trivial lower bound for the collision or set equality problems, while Point (b) rules out an w(v/N)
positive-weighted adversary bound for the element distinctness problem.

Proof of Proposition[3:31. We start with (c). Define X, for all j, as the matrix with all entries equal to
1/(eN). It is a feasible solution for (B2I]), and its objective value is 1/e.

For (a) and (b), we may assume, without loss of generality, that Ci(f) < Co(f). For each z € D,
choose a minimal certificate M (z). For (a), define 1; by

V N/Cl(f)v f(Z)ZI, and.jEM(Z);
Vilzl = ¢ VCOi(f)/N,  f(2) =0;
07

otherwise.

For each z € f~!(1) and y € f~'(0), there is at least one position j € M(z) such that x; # y;, hence

this is a feasible solution to [B21)). Also, it is easy to see that the objective value is \/NCy(f).
If f is total, we use the observation that, for all x € f~1(1) and y € f~1(0), M(z) N M(y) # 0. We

can define 1); by
VCo(f)/Ci(f), f(z) =1, and j € M(2);
Uilz] = S VCL(f)/Co(f), f(z) =0, and j € M(2);

0, otherwise,

it is a feasible solution for ([B.:2I]), and the objective value is /Co(f)C1(f). O

3.3.3 Examples

In this section, we give a number of examples of applications of the previously introduced notions. Let
Thresholdy, y denote the k-threshold function on /V variables defined in Definition [L.T5]

Proposition 3.32. ADV*(Threshold ) = \/k(N — k + 1).

This is the only place in the thesis where we calculate the exact value of the adversary bound. In all
other cases, we estimate the adversary bound up to a constant factor, that is sufficient in the light of
Theorem B.I8l On the other hand, one may be also interested in the exact value, as we will see it below,
in Theorem 3341

Proof of Proposition[3324 Let f = Thresholdy ny. The lower bound follows from the proof of Proposi-
tion B.13] via the construction of Proposition B.231 For instance, for the Thresholds 4 function, we get
the following matrix (the action of A; on the matrix is also shown):

0011 0101 0110 1001 1010 1100 0011 0101 0110 1001 1010 1100
0111 1 1 1 0 0 0 0 0 0 0 0 0
1011 1 0 0 1 1 0 SN 1 0 0 0 0 0
1101 0 1 0 1 0 1 0 1 0 0 0 0
1110 0 0 1 0 1 1 0 0 1 0 0 0

Now let us prove the corresponding upper bound. In the following, we will assume that x is a positive
input, and y is a negative one. For an x, let ' be the same string with all ones, beyond the first &,
replaced by zeroes. Similarly, for an y, let ¢ be y with all zeroes, beyond the first N — k + 1, replaced
by ones. Thus, ' and ¢’ still are positive and negative inputs, with Hamming weights of k and k — 1,
respectively.
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We construct the matrices X;s from (.14 so that they satisfy X;[z,y] = 0 unless ; = 1 and y; = 0.
And if 2, = 1 and yj = 0, then

1 N—-k+1 k
X, - X, =/ /=T and X =y
J[[l',ilj}] |{Z€[N]|LE;:1, y;:0}|’ ]IIJ)7$I| k ? an ]IIy7y]] N_k+1
)

(3.22

In particular, an input z is not used in the matrix X; if j corresponds to a position where z differs from
/
z.

For example, for the Threshold; 3 function, we can take the following matrices:

111 110 101 010 001 000 111 110 011 100 001 000
mr /1 1 12 1 1/2 1/2 mr /1 1 12 1 1/2 1/2
mof 1 12 1 1/2 1/2 mof 1 12 1 1/2 1/2
o112 12 1 2 11 N, 012 2 1 2 11
Yo 1 1 1/2 1 1/2 1/2 27100 01 1 1/2 1 1/2 1/2
001 |1/2 1/2 1 1/2 1 1 001 |1/2 1/2 1 1/2 1 1
000 \1/2 1/2 1 1/2 1 1 000 \1/2 1/2 1 1/2 1 1
(3.23)
and

101 011 100 010

101 /1 1/2 1 1/2
o112 1 1/2 1
X3= 100 | 1 /2 1 1/2 (3.24)

010 \1/2 1 1/2 1

extended with zeroes for all other input pairs.
If the X ;s satisfy (322)) and X; > 0, then all the conditions in ([BI4) are satisfied, and the objective

value is \/k(N — k +1). It remains to show that there exist such matrices. First of all, we may write
X; = BjoD, where D is a positive semi-definite rank-1 block matrix

f1() f710)
) ( (N—-k+1)/k 1 )
F~X0) 1 kE/(N—k+1)
and B; > 0 satisfies
Bjlz,y] = ! and Bjlz,z] = Bj[y,y] = 1. (3.25)

- [{ie N4} =1, y; = 0}]
In order to get B;, we apply the following

Lemma 3.33. Assume that k > 0 is a real number, and a matriz A > 0 is such that ’A[[i,j]H < k for
all i and j. Then the matriz B, defined by B[i,j] = (k — A[i, 7]) ™!, is also positive semi-definite.

Proof. This follows from the series valid for all real |z| < k:

1 1/k 1z 22
k—xz 1—(x/k) k k%2 K3

+...7

and the fact that the set of semi-definite matrices is a topologically closed convex cone, closed under
Hadamard product (cf. Section [AT)). O

Clearly, |{i € [N] |2} =1, y} =0} = k— |{i € [N] | 2} =y} = 1}|. Thus, if we take a matrix 4; = 0
satisfying

Ajle,yl =[{i € [N] | 2f=y; =1} and  Ajlz,2] = Ajly,y) =k -1,
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and apply Lemma B33, we obtain a matrix B; satisfying (8.25]). Finally, we can define 4; =
ZiG[N]\{j} C;, where C; = 0 is a rank-1 matrix given by

L mé:yé:l

Cilz,y] = {

0, otherwise

for all z,y € {0,1}. O

One way of obtaining new functions from the existing ones is by composing them. Assume
f:{0,1}" — {0,1} and g¢;: {0,1}™ — {0,1} are Boolean functions, where i ranges over [n]. Then
f(g1,...,9n) is the composed Boolean function on N =my + --- + m,, variables defined by

(217' . 'ﬂZN) — f(gl(zlw .- 7Zm1)7 92(2m1+17~ .. 7Zm1+m2)a ~~~~~~ ) gn(ZmenJrh . '7ZN)>‘

The adversary bound behaves nice under the composition operation.

Theorem 3.34. Suppose f,gi1,...,gn are as above, and ADV¥(gy) = - = ADVE(g,). Then,
ADVE(f(g1,...,gn)) = ADVZ(f) ADV=(g1).

The proof of this result is not complicated but rather bulky. We leave it out, the interested reader
may refer to the chapter notes for the corresponding references. The condition on ADV* (gi) being equal
may be dropped, but then the definition of the adversary bound must be modified to include weights of
the variables.

In particular, it is possible to define the dth iteration f?: {0, 1}”d — {0,1} of the function f by
ft = fand fH = f(f, ..., f4). By Theorem B34, ADVE(f¢) = ADVE(f)?. Combining this with
Theorem [B.I8] we get that

ADVE(f) = lim {/Q(f7) (3.26)

where, recall, @ stands for the quantum query complexity. This gives an alternative definition of the
adversary bound purely in terms of the quantum query complexity. Also, from Theorem [B.34] and
Proposition B:32] we get that Q(Thresholdzw) =0 ((k(N — k+1))%2).

No theory like this is known for randomised query complexity. There is no concise optimisa-
tion problem that gives even a polynomial approximation for the randomised complexity. No re-
sult like Theorem [3.34] is known. The only non-trivial iterated function whose randomised query
complexity has been evaluated is the NAND function on 2 arguments. It is known [124] [I17] that
R(NANDY) = @((HTm)d) ~ 0(1.686%). As D(NAND®) = 2¢, this function is conjectured to provide
the largest possible separation between the randomised and deterministic query complexities for total
Boolean functions. Even the value of the randomised query complexity of Thresholdg’3 is still under
consideration. It is only known that it lies between (2.55) [89] and O(2.649%) [04].

Another interesting consequence of ([B20)) is that for every total Boolean function f, the functions
f¢ and (NOT f)? have asymptotically equal quantum query complexities. This is not true for the
randomised case, the AND function on 2 arguments providing a counterexample.

Example 3.35. Consider the function f: {0,1}* — {0, 1} defined as follows. The value of f(z1, 22, 23, 24)
is 1 if and only if the sequence 21252324 is monotone. That it, f evaluates to 1 on the following 8 inputs

0000, 0001, 0011,0111, 1111, 1110, 1100, 1000,

and to 0 everywhere else.

The deterministic query complexity of f is 3, as it can be seen from the following algorithm. Query
the first and the third bits. If they are equal, query the second one, otherwise, query the fourth one.
This is enough to determine the value of the function, and it is not possible to do so with fewer queries
(the block sensitivity of the function is 3).

The degree-2 polynomial

P=1—29— 23+ 2923+ 2129 + 2324 — 2124
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of degree 2 represents f exactly. By composing it with itself, we get a polynomial of degree 2¥ that
represents f¥ exactly. Thus, it is not possible to obtain a lower bound better than Q(2%) on Q(f*) using
Theorem [3.3]

The adversary matrix I' for the function f looks like

0010 0101 1011 0110 1101 1010 0100 1001

0000 a c d b d c a b
0001 b a c d b d c a
0011 a b a c d b d c
0111 c a b a c d b d
1111 d c a b a c d b
1110 b d c a b a c d
1100 d b d c a b a c
1000 c d b d c a b a

This layout takes into account all the symmetries of the problem. For each j, the matrix I'o A; consists
of two blocks, each equal to the matrix

(3.27)

0 2 X
o o Qo
QUL O
QL o >

up to a permutation of rows and columns. If we allow only non-negative entries, the best choice is
a=3/4,b=1/2 and ¢ = d = 0. This gives ||| = 2(a + b+ c+ d) = 5/2, as each row contains exactly
two appearances of each a, b, c and d. The norm of I' o A; can be estimated using the decomposition

0 0 0 1/2 0 0 0 1 0 00 1/2
3/4 0 1/2 0o | (V32 0 1/2 0 V3/2 001 0
0 1/2 0 3/~ o 12 0o 32|°| 0o 1 0 V32
/2 0 0 0 1 0 0 0 /2 00 0

of the matrix in (B27). Lemma 22 then implies that ||I' o A;|| < 1. This gives ADV(f) = 5/2. This
is the best value for the non-negative adversary, that we will show using Theorem Recall that j
is called a sensitive variable for input z, if flipping the value of the jth value changes the value of the
function, i.e., f(z) # f(z') where z; = z; for all i # j, and 2} = 1 — 2;. Define ¢; from Theorem B.30 by

1, j is a sensitive variable for z;
¥ilz] = .
1/2, otherwise.

It is easy to check that each z € D has exactly two sensitive variables, that implies the value 5/2 for the
objective value [B2Ia). A simple case analysis shows that (B.2Th) is satisfied.

With negative entries allowed, we can take a = 0.5788, b = 0.7065, ¢ = 0.1834 and d = —0.2120.
(The values obtained numerically.) This gives ADVi( f) = 2.5135. Thus, the family of functions f*
simultaneously gives asymptotical separations between the polynomial degree, the non-negative adversary
bound and the quantum query complexity.

3.3.4 Span Programs

In this section, we define a linear-algebraic model of computation having strong relation to the dual
adversary SDP from Section [3.3.1] A span program P is specified by

o a finite-dimensional inner product space R¢;

e a non-zero target vector T € Rd;

e a sequence of input vectors (v;);cz, where Z is a finite set of indices, and each v; is an element of
R?. The set 7 is split into the disjoint union: Z = Llje[N],be{o,l} L.
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We say the input vectors in Z; , are labelled by (the tuple of) the jth input variable z; and its value
b. We often combine the input vectors into an d x Z-matrix that we denote V.

For each input string z € {0, 1}N , define the available input vectors as vectors v; with indices in
I(2) = Uje[N] T;,;. Vectors v; with indices in Z \ Z(z) are called false input vectors. The program P
evaluates to 1 on input z if 7 lies in the span of the available input vectors, and P evaluates to 0 otherwise.
Thus, span programs define total Boolean functions. It is also possible to define a span program for a
partial Boolean function by ignoring the output on the inputs outside the domain.

Now we define a complexity measure of span programs. Assume P evaluates a function f: {0,1}" D
D — {0,1}. We consider the span program (P, w) extended with witnesses proving that P evaluates to
the required value for every input in the domain:

o If P evaluates to 1 on = € D, a positive witness is a vector w, € RT such that 7 = Vw, and
w,[i] = 0 for all i ¢ Z(x). The size of the witness w, is defined as ||w,||.

o If P evaluates to 0 on y € D, a negative witness is a vector wj, € R? such that (r,w)) = 1 and
w;, L v; for all i € Z(y). The size of the witness is defined as |[V*wj[|?. This equals the sum of the
squares of inner products of w;l with all the false input vectors.

The witness size wsize(P,w) of the (extended) span program (P, w) is defined as the maximal size of all
its witnesses in w. Usually, one is interested in the minimal size of a witness for P. We will, however,
have a particular witness in mind when designing a span program, thus, will include it in the definition
of the span program. This is analogous to the distinction between optimal and feasible solutions to an

SDP like (F14).

Remark 3.36. In order to avoid unnecessary normalisation, we often calculate wsize(P, w) as vWoW7,
where Wy and W are negative and positive witness sizes. The witness size W, with b € {0, 1}, is defined
as the maximum among all witness sizes for inputs in f~!(b). This is justified because, if we replace the
target vector by ar, the positive witness size goes up by o? while the negative witness size goes down
by «?. Thus, by choosing an appropriate value of o, we can make them both equal to /WoW;.

Example 3.37. For the OR function on N variables, we construct the following span program. Take
d =1, and 7 = (1). For each input variable j € [N], take the input vector v; = (1) that is available if
the value of z; is 1. If x is a positive input, define w, by w,[j] = 1 for some j such that z; = 1, and
wg[i] = 0 for all ¢ # j. In this case, we say that we take the available input vector v; with coefficient 1.
For the negative input y, let w; = (1). The positive witness size is W7 = 1, and the negative witness size

is Wy = N. By Remark [3.36] the witness size of the span program is v N that agrees with the Grover
search, Proposition 217

Free input vectors The following modification of span programs is often convenient. Let Hpee be
a subspace of R%. It will be usually given as the span of a number of free input vectors. We say that
the span program evaluates to 1 iff 7 is in the span of the available input vectors and Hp.ee. A negative
witness is defined as previously with the additional condition on w; 1 Hfee- A positive witness is a pair
(wg, vy) such that 7 = Vw, + v, and v, € Hpee- The size of the positive witness is still sz||2

A span program P with free input vectors can be converted into an ordinary span program P’ as
follows. Let IT denote the projection onto the orthogonal complement of Hg..o. Then, the target vector
of P’ is IIt, and the input vectors are given by Ilv;. It is easy to see that a positive witness w, for P is
also a positive witness for P’ of the same size. Also, if w; is a negative witness, then w?’! 1 Hpeo implies

(w),v) = (w}, ) for any v € R%. Thus, w,

Y , is also a negative witness for P’ of the same size.

Canonical Span Programs A span program (P,w) is called canonical if it satisfies the following
properties:

e The vector space of P has the set f~!(0) as its orthonormal basis. In the following, let e, denote
the element of the standard basis corresponding to y € f~1(0);

e The target vector is given by 7 = Zyeffl(o) ey;



CHAPTER 3. LOWER BOUNDS FOR QUANTUM QUERY COMPLEXITY 68

e For any negative input y € f~1(0), its witness is ey. In particular, v;[y] = 0 for all i € Z;, .
As the name suggests, any span program can be transformed into a canonical one.

Proposition 3.38. Let (P,w) be a span program for a function f: {0,1}Y D D — {0,1}. Then, there
exists a canonical span program (P',w’) that evaluates the same function and such that wsize(P',w’) =
wsize(P,w).

Proof. Consider the linear transformation A: R? — R/ (0 given by A = Zyeffl(o) ey(wy)*. Let P’ be
the image of P under this transformation. Then, the target vector of P’ is given by

AT = Z ey(wy,) T = Z ey

yef~1(0) yef~1(0)

/

by the condition (wy,7) = 1. The input vectors of P’ are given by Av;.

It is easy to see that a positive witness w, for P is also a positive witness for P’ of the same size.
Also, (ey, Av) = <wy, v) for every v € R%, hence, e, is a witness for a negative input y in P’, and its size
is the same as of w in P. O

It turns out that a canonical span program is essentially the same thing as a dual adversary SDP.

Theorem 3.39. Let f: {0,1} D D — {0,1} be a function. Then any feasible solution (X;) to the dual
adversary SDP (3-1J]) can be transformed into a canonical span program (P,w) evaluating f such that
the objective value (514d) of the program equals the witness size of P. And vice versa, any canonical
span program (P,w) for f can be transformed into a feasible solution to (3.17) with the objective value
equal to the witness size of (P, w).

Proof. Assume we are given a feasible solution (X;) for (814). As X, are positive semi-definite, we can
find an integer d and vectors 1, . € R%, with j € [N] and z € D, such that X;[z,y] = (¥ 4, ;) for all
z,y € D.

Let us construct the span program. Its vector space, target vector and negative witnesses are already
determined by the canonicity requirement. It remains to define the input vectors and the positive
witnesses. Let us start with the input vectors. Define Z = [N] ® {0,1} ® [d], i.e., for each j € [N] and
b € {0,1}, we define d input vectors (vjp ;) by

U',b,i[[yﬂ = .
’ {%,y[[%]L yj # b.

For a positive input = (z;) € f(1), we define its witness by w, = @j’b Ob,z,;%j,z, Where ¢ stands for
the Kronecker delta.

In other words, we rearrange the entries of 9, ., by placing the entries corresponding to the negative
inputs “horizontally” into the matrix V', and the entries corresponding to the positive inputs “vertically”
into positive witnesses, see Figure Clearly, this operation is invertible. Moreover, we have

Vel = 3 Wietis) = Y, Xilry]
Jiaj#Y; Jij#Y;
Thus, Vw, = 7 for all z € f~1(1) if and only if (3.14h) holds. Also, for all z € f~1(1) and y € f~1(0),

their witness sizes are, respectively,

lwoall® = 7 Ibsal®,  and [Viul | = Ve, I* = 3 e’

Jje[N] JE[N]

Thus, the witness size of (P, w) equals the objective value ([B.14al) of the SDP. O
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Figure 3.2: A correspondence between a canonical span program and a dual adversary SDP

Example 3.40. Let us construct a span program for the Thresholds g function. In (323) and (B:24)),
we constructed matrices satisfying the conditions of (3.I4]). We use the construction from Theorem B3.39]
ignoring the inputs 000 and 111 as they only copy the inputs 001 and 110. We get the target vector T
and 9 input vectors:

1 1 1 1
AR IEAN AN 2\ (7Y (o ANEANE
T = i ) \@ | vz | 1 ’ (1) s 0 ’ ke 3 2 | 0 | V2
7z 0 NG 7z 0 V2 0 0 0

The first free input vectors are available for the value 1 of the variable z1, the second three for the
value 1 of z5, and the last three for the value 1 of z3. The witness for the positive input 110 is w =

%(1, 1,0,1,1,0,0,0,0)*. The witness for the negative input 001 is w’ = (0,0, 1)*.

3.4 Algorithms

We finish this chapter on lower bounds with a section on upper bounds. The aim of this section is to
show that the adversary bound is tight. We do so by showing that the dual of the adversary bound from
Section 3.3.1] can be transformed into a quantum query algorithm with at most a constant loss in the
complexity. Additionally, we show that a similar transformation can be performed to any span program
from Section B34

We start by reviewing properties of a composition of two reflections from Section 2311 Recall the
notations from that section: A and B are matrices with the same number of rows and each having
orthonormal columns, IT4 = AA*, Ilg = BB*, Ry =2I14 — I, Rg =2IIg — I, and U = RgR4.

Lemma 3.41 (Effective Spectral Gap Lemma). In the above notations, let Ps, where § > 0, be the
orthogonal projection on the span of the eigenvectors of U with eigenvalues € satisfying |0] < 6. Let u
be a vector in the kernel of I14. Then,

)
|PsTs] < 2.

Proof. This is an easy consequence of the Spectral Lemma 2.221 We use the notations from the lemma
in the proof. Let us assume § < 2, otherwise the statement is trivial. Consider the decomposition of
the space into the eigenspaces of U. On the 1-eigenspace of U, the vectors from ker(Il4) = im(A)* are
vanished by IIz. On the intersection of the (—1)-eigenspace of U and ker(Il4), Il is the identity and
Ps is zero.
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It remains to consider the behaviour of PsIIg on the direct
sum of S;s. We do it for each S; independently. Let II; be
the orthogonal projector on Sj, and u; = Ilu. Also, denote
a; = im(A) N S; and b; = im(B) N S;. Restricted to S, the
operator Ilp projects onto b;.

If 20; > 6, then Ps is zero on S;, and Psllpu; = 0. Other-
wise, Pj is the identity on S;. Consider Figure We have

IMull = [lu; |l sin 6 < [|u;]l0;.

Hence,

IPstpul® < Y pul® < Y 6Fllugll* < (5/2)°|ful®.
j:0;<6/2 j:0;<6/2
Figure 3.3:  Effective spectral gap O
lemma in two dimensions. Due to technical reasons, we exclude the case of very small
values of the adversary bound.

Claim 3.42. For any non-constant function f, ADVi(f) >
1/2.

Proof. This follows immediately from (B7) and Lemma O

Theorem 3.43. For any function f: {0,1}Y 2D — {0,1} and any span program (P,w) evaluating f,
there exists a quantum algorithm that calculates f in O(wsize(P,w)) queries.

Proof. If the function is constant, the statement is trivial. Otherwise, by Proposition .38, Theorem [3.39]
and Claim B.42] wsize(P,w) > 1/2.

Assume, as usually, that the span program P has the vector space R?, the input vectors {v; }iez,
and the target vector 7. Let the positive and the negative witness sizes be W7 and Wy, respectively, so
that W = wsize(P,w) satisfies W = /WyW;. We add an additional “input vector” vy = 7/, where
a = C1/W; for some constant C; > 0 to be specified later. In the implementation, the vector vg is
treated as always available. Let Zyp = Z U {0} where 0 accounts for vy.

Algorithm 3.1 Span Program Evaluation

1: function SpanProgram(quprocedure InputOracle) :
2: attach Zy-qudit X

3: return not PhaseDetection(StepOfWalk, 1/(CeW), X)
4:

5: quprocedure StepOfWalk :

6: ReflectionAbout A

7: phase «— IsFalseInputVector(X)

8:

9: qufuncion IsFalseInputVector(registers X, O) :

10: attach N-qudit j, qubits b, v

11: conditioned on X # 0 :

12: (j, b) < the variable index and the value of input vector with index X
13: v InputOracle(j)

14: conditioned onv #b: O Py |

The description of the algorithm is given in Algorithm Bl Let V be the d x Top matrix containing
the input vectors of P and vy as columns. The algorithm runs in the vector space R%o with the standard
basis {e;}. Let A be the projection onto the kernel of V. For any input z € D, let I, = > e;ef where
i ranges over the indices of the available input vectors for the input z (this includes ej). Denote by
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Ry = 2I1, — I and Ry = 2A — I the reflections about the images of IT, and A, respectively. Lines
and [ of the algorithm perform reflections Ry and Ry, respectively. The first reflection uses no query,
thus, we do not describe it.

The step of the quantum walk is U = Ry Rj. The algorithm executes the phase detection subroutine
(Theorem 2-11]) on U with the initial state eg and 6 = 1/(CoW) and accepts iff the phase 0 is detected.
Here C3 is another constant to be specified. Phase detection requires O(W) (controlled) applications of
U. In each of them, Rj requires no access to the input oracle, whereas Ry can be implemented in two
oracle queries. This proves the complexity estimate of the algorithm.

Let us prove the correctness. First assume the input z is positive: f(x) = 1. In this case, we show
that there is an 1-eigenvector u of U having a large overlap (inner product) with eg. Recall that w, € RZ
is the witness for z, and denote u = aeqg — w,. Firstly,

Vu=avg—Vw, =7—7=0,

where V is as in Section B.3.4l Hence, Ryu = u. Next, Rpu = u, because w, only uses the available
input vectors. Thus, u is a 1-eigenvector of U. By definition, |lw,||> < Wi = a2/Cy, hence (u/||ul|, eo)
is at least a constant that can be tuned by adjusting the value of C4.

Now assume the input y is negative: f(y) = 0. Let P; be the projection onto the span of the
eigenvectors of U with eigenvalues e satisfying || < §. We have to prove that ||Pseo| is small. The
idea is to apply Lemma [3.4Tl In this case, wy, is the witness for y. Define

u=aV*w, = e + oV w,.

Since u € im(V*), we have Au = 0. Also, w
ITI,u = e9. By Lemma [3.41]

/

y is orthogonal to all the available input vectors, hence,

\/1+a2WO < 1+01\/W1W0 < 2+Cl
205W - 205W - 20 ’

)
| Pscoll < Sl <

(In the last step, we used that W > 1/2.) By adjusting the value of C5, one may tune the acceptance
probability of the algorithm. O

One may convert a feasible solution to the dual adversary SDP for a Boolean function into a quantum
query algorithm by first translating it into a span program using Theorem [3.39] This does not work for
non-Boolean functions, but for them, there exists a similar procedure. We start with a small lemma.

Lemma 3.44. Let ¢ > 0 be an integer. Then, there exist vectors p;,v; € R%, where i € [q], such that
(uisvi) =1 —6;; and ||vi||, ||l < V2 for alli,j € [q]. (Here &;; stands for the Kronecker delta.)

Proof. Define a = %_qTfl’
20g -1 2(1 —o? 2q— 1)(1 — a2 5
pi=—ag 2D o SIS = - Weﬁa\fzej,
1 1 i q 957

where ¢; is the standard basis of R?. A straightforward calculation reveals that these vectors satisfy the
requirements. O

Now, we are finally able to prove the second half of Theorem [B.18] for functions with Boolean output.

Theorem 3.45. Let f: [¢]NY DD — {0,1} be a function, and let (X;) be a feasible solution to the dual
adversary SDP (3.17) with the value W of the objective function (3.14d). Then, there exists a quantum
algorithm that calculates f in O(W') queries.
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Proof. Again, we may assume that W > 1/2 due to Claim Let, as in the proof of Theorem [3.39]
¥ € R? be such that X;[z,y] = () 4,v;,) for all j € [N] and 2,y € D. The algorithm runs in the
vector space C @ (CV @ C? @ CY). Let ey be the normalised vector in the first C, and {e;};e;n] be the
orthonormal basis of C.

The algorithm is the same as in the proof of Theorem [B.43] but with A and II, redefined. Let
a = C1vVW, and define the projector A as onto the orthogonal complement of the span of the vectors

vy =e€0+ Z ej @ Y2 & phy;
Jje[N]

when y ranges over f~1(0). The input-dependent projector II, is onto the orthogonal complement of the
image of
D (e5e) @ La @ (pz, 1)),
JEN]
where ps are as in Lemma[3.44], and I, is the identity in C?. The reflection about the image of IT, can be
implemented in two oracle queries similarly to Algorithm 3.1 The complexity estimate of the algorithm

is like in Theorem [3.43]
Let us prove the correctness of the algorithm. If f(z) = 1, define a 1-eigenvector u of U by

u = ey — Z € @ Vjz @ Vy,.
JE[N]

Indeed, for each y € f~1(0), we have

(vy) =a—a > (e i) tay,vy,) =a—a Y X;lz,y] =0.
JE[N] JimFY;
Hence, Ry does not change u. Also, Ry also does not change u because Vg, is orthogonal to fiy; for all

j. Finally, u/||u|| has large overlap with ey that can be tuned using Cj.
In the negative case of f(y) = 0, apply Lemma B41] with u = v,. Clearly, u € ker(A), and II,u = eo.

Thus, we get
V1+4aPW < 2420

20w 7 Oy -

S)
IPseoll < 3 llull <

3.5 Chapter Notes

The development of lower bounds on quantum algorithms started almost simultaneously with the devel-
opment of quantum algorithms. The first lower bound is for the OR function and it is due to Bennet,
Bernstein, Brassard and Vazirani [30]. Interestingly, this lower bound preceded Grover’s discovery of his
search algorithm.

The polynomial method was first developed for classical lower bounds. Minsky and Papert used
polynomial representation to gave a very precise characterisation of perceptrons, a special case of neural
networks [I00]. The connection between polynomial degree and query complexity is first observed by
Nisan and Szegedy [105]. For quantum query algorithm, this techniques were applied by Beals et al. [20].
In particular, they prove Lemma [B] for Boolean functions (see also [58]). The non-Boolean variant is
due to Aaronson [I]. Lemma B.Alis due to Minsky and Papert [100].

Aaronson was the first to prove a non-trivial lower bound Q(N'/®) on the quantum complexity of
the collision problem [I] where N is the number of elements. This was soon improved to the optimal
Q(N'/3) by Shi [121]. Ref. [2] features a merged variant of both papers. Again, this preceeded the
matching upper bound by Ambainis [I0]. The results by Aaronson and Shi had a small catch: In order
for them to apply, the size g of the alphabet should have been large enough. For the collision problem,
it was g > 3n/2. The proof we give is due to Kutin [81] and it does not require this assumption. Due to
the nature of reduction from element distinctness to the collision problem (Corollary BI0), for the lower
bound to apply, the size of the alphabet for element distinctness should be Q(N?). Ambainis [9] has a
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general argument showing that, because of the symmetry of the problem, even the case of ¢ = N has
complexity Q(N?/3).

As already noted, the adversary bound was first defined by Ambainis [6] in 2000. Afterwards, a
variety of variants of the bound were defined. In 2004, Spalek and Szegedy [126] mention 7 variants
of the adversary bound, including the positive-weighted adversary and even one based on Kolmogorov
complexity [83], and prove they all are equivalent. The spectral formulation of the bound that we use,
Definition is due to Barnum et al. [19]. The original formulation by Ambainis [7] and Zhang [134]
uses weight schemes as outlined in Section B:23l Our proof of Proposition is based on [69].

However, due to the limitations we describe in Section [3.3.2] it was known none of them is tight. In
2006, Hgyer et al. [67] proved that the spectral formulation of the bound still yields a lower bound if one
allows negative entries: Theorem B.I8 Proposition B.2Tlis from [28]. Our proof of the in Section B2 is
a fusion of the proofs in [69] and [67] and is significantly shorter than the latter.

The limitations of the positive-weighted adversary from Section were known before that. Our
formulation in Theorem is similar to the minimax definition in [83]. Two different variants of the
certificate barrier, Proposition B31] (a) and (b), are due to Szegedy [127] and Zhang [I34], respectively.
The property testing barrier is a folklore result, see, e.g., [67], but a proof has not appeared in print up
to our knowledge.

The research reflected in the second part of the chapter started by the algorithms for the NAND tree
evaluation. The first algorithm by Farhi, Goldstone and Gutmann [56] was based on continuous-time
quantum walks, the discrete-time quantum walk algorithm is due to Ambainis et al. [I4]. While trying
to generalise the latter algorithm to formulae with arbitrary gates, Reichardt and Spalek developed a
quantum algorithm for span program evaluation [I11].

Span programs are a linear-algebraic model of computation first introduced by Karchmer and Wigder-
son in [72]. Initially, they were used over finite fields and applications included, in particular, a log-space
analogue of the complexity class inclusion NP C ®P, and secret sharing schemes. Recently, span program
have been applied in the area of non-interactive zero-knowledge proofs [59, [90].

With a replaced definition of complexity, span programs can be evaluated on a quantum computer.
Later, Reichardt [109] noticed that the complexity of a span program can be expressed as an SDP that
is dual to the adversary SDP, thus proving Theorems and

The precise evaluation of the adversary bound of the threshold function is due to Reichardt [109].
His proof uses span programs and is completely different from ours. The composition Theorem [3.34]
has a long history as well. First version of the bound (in a slightly weaker form) was obtained for the
positive-weighted adversary. Ambainis proved one direction [7], and the opposite direction was shown by
Laplante, Lee and Szegedy [82]. When introducing the general adversary bound, Hgyer, Lee and Spalek
generalised the result of Ambainis, and the picture was finished by Reichardt [I09, 110].

The function in Example was first constructed by Ambainis (in a slightly different form) in order
to prove a separation between quantum query complexity of a function and its degree [7]. The form
that we use is due Laplante, Lee and Szegedy [82]. The lower bound on the general adversary bound for
this function is due to Hgyer, Lee and Spalek [67]. The upper bound did not appear in print up to our
knowledge.

There are many more developments concerning the adversary bound we do not cover. The adversary
bound has been generalised to the problems of quantum state preparation [I7] and quantum state
conversion [86], and it is tight in both cases. One may see that the adversary bound does not work
well if one is interested in very small success probability. Based on a paper by Ambainis [I8§], Spalek
introduced the multiplicative adversary method that works well in this regime [125]. Combining this with
the ideas for function composition, Lee and Roland proved strong direct product theorem for quantum
query complexity [87]. Magnin and Roland demonstrated a relation between the multiplicative adversary
and the polynomial method [96].

As mentioned earlier, most of the results in Section B.4] go back to Reichardt. In particular, Theo-
rem is from [T10]. However, we give a simpler proof based on the Effective Spectral Gap Lemma
from [86]. This reference gives an alternative proof of the lemma, not based on Lemma The proof
of Theorem [B43] is from [26] and the proof of Theorem is based on [86].
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Overview of Part 11

As we saw in Chapter B it is possible to characterise the quantum query complexity of a function by
a relatively simple semi-definite program (SDP): the adversary bound given by BI3) and BI4]). Un-
fortunately, for many functions, even this SDP is too hard to solve. Prior to this work, no explicit
negative-weight adversary lower bound was known except for the composed functions described in Sec-
tion B33l Upper bounds also did not go much beyond of what we covered in Chapter [3l

In this part of the thesis, we give a number of applications of the adversary bound SDP for explicit
non-iterated functions. As mentioned in the Introduction, there are some advantages in constructing a
feasible solution to the dual adversary SDP when comparison to the development of an explicit quantum
query algorithm. We are not interested in sometimes cumbersome details of the internal organisation
of the algorithm: we are only interested in the feasibility of the solution and its objective value. The
construction of a feasible solution to the dual adversary SDP requires other techniques, and may open
a completely different perspective on the problem being solved. Also, the dual adversary SDP is tight,
so, in principle, we lose nothing with this transition. Finally, a solution close to optimal may help in
constructing a primal adversary SDP via semi-definite duality, thus, giving a lower bound.

Using the adversary SDP, we manage to solve (or improve on) a number of long-standing open
problems. In Chapter [, we reduce the quantum query complexity of the triangle detection from O(n13/ 10)
that we saw in Theorem [2.32] and prove that the quantum query complexity of the k-sum problem is
Q(N*/(+1)) In Chapter B, we reduce the quantum query complexity of the k-distinctness problem from
O(N*/(+1)) "that was obtained in Corollary E331] to o( N3/4).

In Chapter @l we give a unified approach based on the new notion of certificate structures. In this
settings, we only consider possible certificates of the function, and ignore everything else about the
function. We obtain results of the similar flavour as in Chapter We formulate a primal and the
corresponding dual optimisation problems for the quantum query complexity of a certificate structure.
We apply them for some problems, like k-sum and triangle-sum. Chapter [l features results that use
similar techniques as in Chapter @ but do not fall into the framework of certificate structures.

(0]



Chapter 4

Certificate Structures

Determining the amount of computational resources required to solve a computational problem is one
of the main problems in theoretical computer science. At the current stage of knowledge, however, this
task seems far out of reach for many problems. In this case, it is possible to analyse the complexity of
the problem under some simplifying assumptions. We have already saw one example: the simplification
made by the query model. But, even the query complexity is too hard to evaluate for some functions.

In this chapter, we make a further simplifying assumption and consider the framework of certificate
structures. This notion is partly motivated by the quantum walk algorithms from Chapter 2l Recall that
the amplitude amplification and the MNRS quantum walk frameworks include a black-box checking sub-
routine (Definition 2-T3)) that, given the information gathered during the walk, signals if this information
is enough to accept the input string. In many cases, the precise content of the gathered information is
not relevant, what matters are the possible locations of these pieces of information. We formalise this by
the notion of a certificate structure that can be considered as a more detailed version of the certificate
complexity from Section

Based on this notion, we develop the computational model of a learning graph. It only relies on
the certificate structure of the function being evaluated. We characterise the complexity of the learning
graph by an optimisation problem that is significantly simpler than the general adversary SDP but still
captures many aspects of the function. We are able to get a tight solution for the certificate structures
corresponding to the k-sum and triangle detection problems.

We also show that learning graph are tight: A learning graph can be transformed into a quantum
query algorithm, and, for any certificate structure, there exists a function that requires that many queries.

This chapter is based on the following papers:

[22] A. Belovs. Span programs for functions with constant-sized 1-certificates. In Proc. of 44th ACM
STOC, pages 77-84, 2012, 1105.4024.

[28] A. Belovs and R. Spalek. Adversary lower bound for the k-sum problem. In Proc. of 4th ACM
ITCS, pages 323-328, 2012, 1206.6528.

[27] A. Belovs and A. Rosmanis. On the power of non-adaptive learning graphs. In Proc. of 28th
IEEE Complexity, pages 44-55, 2013, 1210.3279.

In Section [£1] we define the notion of certificate structure, and give some examples based on the
functions we saw in the previous chapters. In Section [£.2] we define the notion of a learning graph, and
prove that it can be converted into a quantum query algorithm for any function having the specified
certificate structure. In Section 23] we give a method for constructing learning graphs for functions
with a lot of symmetry. In Section [£.22.4] we describe applications for the triangle and the associativity
testing problems. In Section [£3] we derive the dual formulation of the learning graph complexity, and
give examples for the certificate structures of the k-sum and the triangle problems. Finally, in Section [£.4]
we show that, for any certificate structure, the dual formulation can be transformed into a lower bound
on the quantum query complexity of some function having this certificate structure.
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CHAPTER 4. CERTIFICATE STRUCTURES T

4.1 Definition and Examples

Recall the definition of a l-certificate from Section If f:[q)N 2D — {0,1} is a function, and
x € f~1(1) is a positive input, then a subset S C [N] is called a 1-certificate iff any z € D, that agrees
with z on S, satisfies f(z) = 1. We define the following subset

M(f,z) ={S C[N]| S is a 1-certificate for input x of function f}. (4.1)

As we will see, in many cases, the subsets M (f,z) turn out more important than the function f itself.
Thus, we abstract away from the function by the following definition.

Definition 4.1 (Certificate Structure). A certificate structure C on N variables is a collection of non-
empty subsets of 2V with each subset closed under taking supersets. We say a function f: [N 2D —
{0,1} has certificate structure C if, for every x € f~1(1), one can find M € C such that

VSeMVzeD: zg =25 = f(z) =1 (4.2)
For a fixed M € C, the elements of M are usually called marked.

Example 4.2. The trivial certificate structure on N variables is defined as {{[N]}}, i.e., it consists of
one subset of 2IN! made out solely of the set [N] itself. We call it trivial because any function on N
variables has this certificate structure.

We usually assume that the elements of a certificate structure C form an antichain under the set-
theoretical inclusion relation, i.e., there exist no M, M’ € C such that M C M’ and M # M’. This is
motivated by the following observation. Assume M C M’ are two elements of C. If M’ satisfies ([£.2)) for
some z and f, then M also satisfies it. Hence, M’ can be removed from C without affecting the set of
functions having C as their certificate structure. In a similar spirit, we say that a certificate structure C
is more precise than a certificate structure C’ if, for all M’ € C’, there exists M € C such that M C M'.
For example, the trivial certificate structure is the least precise one.

Definition 4.3 (The Certificate Structure of a Function). Assume f: [¢]¥ 2 D — {0,1} is a function.
The certificate structure of the function f is defined as the set of inclusion-wise minimal elements of
{M(f,z)|x e f~1(1)}. It is the most precise certificate structure of f.

In this chapter, we are interested in quantum algorithms performing equally well for any function with
a fixed certificate structure. More formally, define the quantum query complexity of a certificate structure
as the maximum quantum query complexity over all functions possessing this certificate structure.

Actually, many existing quantum algorithms, implicitly or explicitly, work in these settings. The
most celebrated examples are demonstrated by the Grover search algorithm (Proposition 2XT7]), and the
quantum walk on the Johnson graph. For instance, Theorem can be reformulated as a quantum
query algorithm evaluating any function with the following certificate structure.

Example 4.4. The k-subset certificate structure C on N elements with k& = O(1) is defined as follows.
It has (IZ ) elements, and, for each subset A C [N] of size k, there exists unique M € C such that S € M
if and only if A C S C [N].

In particular, the 1-subset certificate structure corresponds to the OR function, and the 2-subset
certificate structure—to the element distinctness problem. We call the 1-subset certificate structure the

OR certificate structure.

Example 4.5. The OR certificate structure from Example [£.4] can be generalised to the case when it is
promised that each positive input contains at least k& ones. Let k be an integer between 1 and N. The
certificate structure C has (]Z ) elements, and, for each subset A C [N] of size k, there exists M € C such

that S € M if and only if SN A is non-empty.

Also, inspired by Theorem 2.32] we define the following certificate structure.
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Example 4.6. The triangle certificate structure C on n vertices is a certificate structure on N = (Z)
variables defined as follows. Assume that the variables are labelled as z;; where 1 <4 < j < n. The
certificate structure has (g) elements, and, for every triple 1 < a < b < ¢ < n, there exists unique M € C

such that S € M if and only if S D {ab, be, ac}.
The functions in Definition [[.20] give rise to the following certificate structures:

Example 4.7. Each of the following certificate structures is defined on N = 2n input variables. In the
collision certificate structure, there is unique M for each decomposition [N] = {a1,b1} U {az,ba} L - U
{an,b,}, and S € M if and only if S D {a;,b;} for some i € [n]. The set equality certificate structure
contains only those M from the collision certificate structure that correspond to decompositions with
1<g;<nandn+1<b <N for all <.

The hidden shift certificate structure C has n elements. For each d € [n], there exists M € C such
that S € M if and only if S contains elements ¢ and n + 1 + ((¢ + d) mod n) for some i € [n].

4.2 Learning Graphs

In this section, we define the computational model of a learning graph. It is based on the notion of
certificate structure from the previous section, and can be converted into a quantum query algorithm for
any function having this certificate structure.

Definition 4.8 (Learning Graph). A learning graph G on N input variables is a directed acyclic con-
nected graph with vertices labelled by subsets of [N], the input indices. It only has arcs connecting
vertices labelled by S and S'U {j} where S C [N] and j € [N]\ S. The root of G is the vertex labelled
by the empty set . Each arc e is assigned a positive real weight w,.

Note that it is allowed to have several (or none) vertices labelled by the same subset S C [N]. If
there is unique vertex of G labelled by S, we usually use S to denote it. Otherwise, we denote the vertex
by (S, a) where a is some additional parameter used to distinguish vertices labelled by the same subset
S.

A learning graph can be thought of as a way of modelling the development of one’s knowledge about
the input during a query algorithm. Initially, nothing is known, and this is represented by the root
labelled by (). At a vertex labelled by S C [N], the values of the variables in S have been learned.
Following an arc e connecting vertices labelled by S and SU{j} can be interpreted as querying the value
of the input variable z;. We say the arc loads element j. When talking about a vertex labelled by S, we
call S the set of loaded elements.

The graph G itself has a very loose connection to the function being calculated. The following notion
is the essence of the construction.

Definition 4.9 (Flow). Let G be a learning graph and C be a certificate structure, both on N input
variables. For each M € C, we define a flow on G as a real-valued function p. = p.(M) where e is an arc
of G. It has to satisfy the following properties:

e the vertex () is the only source of the flow, and the flow has value 1. In other words, the sum of p,
over all e leaving 0 is 1;

e a vertex labelled by S is a sink only if S € M. Thus, if S # () and S is not marked, then, for a
vertex labelled by S, the sum of p. over all in-coming arcs equals the sum of p. over all out-going
arcs.

We always assume a learning graph G is equipped with a certificate structure C and a flow p that
satisfy the constraints of Definition 1.9 In this case, we say the learning graph G is for the certificate
structure C. Define the negative complexity of G and the positive complezity of G for M € C as

NG => w. and PG M)=>)_ p(wW (4.3)

eckE ecE
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respectively, where E is the set of arcs of G. The positive complezity and the (total) complexity of G are
defined as
P(G)= max P(G,x) and T(G) = max{N(G),P(G)}, (4.4)

zef~1(1)

respectively.

Remark 4.10. Similarly to Remark B.36, one can define the total complexity of the learning graph as
VN(G)P(G), or as /N (G) subject to P(G) < 1. This can be achieved by multiplying the weights of all
arcs by the same factor . This operation simultaneously increases N'(G) a times, and decreases P(G)
by the same factor. By choosing « appropriately, it is possible to convert one definition into another.

If a certificate structure C’ is less precise than C, then any learning graph for C’ can be also considered
as a learning graph for C. We also say that a learning graph is for a function f if it is for its certificate
structure as in Definition Then, we write p.(z) instead of p.(M(f,x)) where M (f,z) is as in ([&I)).

We define the learning graph complexity of a certificate structure C as the smallest possible complexity
of a learning graph for C. The main result about learning graphs is as follows.

Theorem 4.11. The quantum query complexity of a certificate structure C is at most a constant times
the learning graph complexity of C. Equivalently, if G is a learning graph for a function f, then there
exists a quantum algorithm evaluating f in O(T(G)) queries.

We prove this theorem in Section [4.2.2]

4.2.1 Examples

Now we give a number of examples of learning graphs that replicate the quantum algorithms we saw in
Chapter

Example 4.12. We start with the trivial certificate structure C from Example The corresponding
learning graph is shown in Figure (a). In order to save space, we only show the variables loaded by
the arcs. Thus, the vertices of the learning graph from left to right are (), {1},{1,2},{1,2,3},...,[N].

There are N arcs, each of weight 1, hence, the negative complexity N (G) = N. There is only one
choice for M in C, where only the subset [N] is marked. We define the flow from ) to [N] by setting
pe = 1 for all arcs e in the learning graph. Thus, the positive complexity P(G) also equals N, and the
total complexity is N. This corresponds to the fact that any function can be evaluated in N queries. In
figures, we often replace paths as in (a) by “super arcs” as in (b) that we call transitions.

(a) (b) (c)

Figure 4.1: (a) A learning graph for the trivial certificate structure on N variables. (b) A shorthand for
the path in (a). (c) A learning graph for the 1-subset certificate structure on N variables. The weights
of arcs in (a) and (c) are all equal to 1.

Example 4.13. As another example, consider the OR certificate structure from Example £4l The
learning graph G can be found in Figure [£c) where the weight of each arc is 1. It corresponds to the
Grover algorithm (Proposition 2ZI7)). The negative complexity N (G) = N. By definition, for each M in
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the certificate structure, there exists j € [N] such that the singleton {;j} is marked. Assign the flow 1 on
the arc connecting () and {j}, and set the zero flow on the remaining arcs. Thus, the positive complexity
N(G) = 1. By Remark EI0 the total complexity of the learning graph is O(v/N).

This can be extended to the case of the certificate structure from Example The learning graph
remains the same. For each M in the certificate structure, there exists a k-subset A of [N] such that the
subset {j} is marked for all j € A. Define the flow as follows

po(M) = {1/k, e conn(?cts 0 and {j} € M;
0, otherwise.

The negative complexity is still N. For the positive complexity, we have P(G) = k(1/k)? = 1/k. Hence,
the total complexity is O(y/N/k) in accord with Proposition 217

The previous examples suggest that, in the learning graph, sequential loading of variables corresponds
to a path, and amplitude amplification corresponds to branching. In the following examples, we explore
this intuition. The first one corresponds to Proposition 2.20]

Proposition 4.14. The learning graph complexity of the collision certificate structure is O(N/3).

Proof. The learning graph G is shown in Figure At first,
there is transition from ) to the subset [r] where r = o(NN) is
some integer specified later. Each arc in the transition has some
weight w we will also specify later. Next, there are N — r arcs
that connect [r] to all its (r + 1)-supersets: [r+1],{1,2,...,r,7+
2},...,{1,2,...,r,N}. The weight of each of these arcs is 1. The
negative complexity of the learning graph is N (G) = rw+N —r =
O(N) if we set w = N/r.

Now, let M be an element of the collision certificate structure,
Figure 4.2: Learning graph for the and define the flow for M as follows. First, set flow 1 on the
collision certificate structure. transition. If [r] € M, we are done. Otherwise, there exist distinct

elements aq, ..., a, such that [r]U{a;} € M for all ¢ € [r]. Define
the flow 1/r on each arc loading an a;, and zero elsewhere. Thus, the positive complexity is

PG) <r/w+1/r=r?/N+1/r=0(N"13)
if we set = N'/3. Thus, the total complexity of the learning graph \/N(G)P(G) = O(N'/3). O

Example 4.15. Now, we consider Proposition Z2Il Let C be the 2-subset certificate structure and the
learning graph G be as in Figure It consists of two layers. In the first one, the root () is connected to
(J;[ ) vertices: one for each r-subset of [N]. Here we use transitions like in Figure EEI(b). In the second
one, each r-subset is connected to all its (r + 1)-supersets. The arcs in the first layer have some weight
w, and the arcs in the second one have weight 1.

Figure 4.3: A suboptimal learning graph for the 2-subset certificate structure.

The negative complexity is N'(G) = (V) [rw + (N —7)] = O (N(]TV)) if we choose w = N/r.

r
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Let us define the flow. Assume M € C is defined by a 2-subset {a,b}, i.e., S € M iff {a,b} C S.

Let V consist of all r-subsets of [N] that include a, but not b. Define the flow equal to (17\_[:12)71 for

all transitions that connect @ to an element S € V and for all arcs that connect an element S € V to
S U{b}. Everywhere else, the flow is zero. The positive complexity is

o= (Y0 (V7)) emen=asem(Y2)

r—1

And the total complexity is

PR V) o[ (e5) ) oo

if we set r = v/N.

The learning graphs in the previous examples directly follow the corresponding algorithms. The
analysis is similar with the exception of the weights. In Section 2.3] we will see a way of how the
weights can be calculated automatically.

4.2.2 Proof of Theorem 4.11

In this section, we give two proofs of Theorem 11l The first one is based on span programs and
works only for Boolean functions. The second proof is based on the dual of the adversary bound and
is applicable for arbitrary functions. Ideas from both of these proofs will be used later in the thesis: in
Chapters [0l and Bl respectively. But before that, we prove a result on the form of a learning graph.

Proposition 4.16. Assume G is a learning graph for a certificate structure C. Then, there ezists a
learning graph G’ for C such that T(G') < T(G) and G’ has at most one vertezx for any subset S C [N].

Proof. The learning graph G’ has a vertex S C [N] if G has at least one vertex corresponding to this

subset. Let eq,...,er be all the arcs in G that connect vertices corresponding to some fixed subsets

S, 8" C [N]. Let w; be the weight of e;. Connect S and S’ in G’ by an arc e of weight wy + - -+ 4+ wy.

Clearly, N(G') = N(G). Let p be a flow in G for some M € C. Set the flow p; + - - - + p on e, where p;

is the flow through e;. Clearly, it is a valid flow for M, and P(G’', M) < P(G, M), because
(prtpot - tpe) PT Pk

wy + - 4 wi w1y Wy

(The last inequality follows from the Jensen’s inequality for the square function (ayz1 + -+ + agzg)? <
123 + -+ agri, with oy = w; /(w1 + -+ + wg) and x; = p;/a;.) O

Despite Proposition .16, we often use several vertices corresponding to the same subset because it
makes the analysis simpler. In the following proofs we assume the learning graph is transformed as in
Proposition 4.16

First Proof of Theorem [{.11] ([22]). Assume a learning graph G is for a function f: {0,1}¥ D D —
{0,1}. The idea is to convert G into a span program and apply Theorem 343l Each vertex S of the
learning graph is represented by 2/°| vectors {t,} where a is an assignment in {0,1}°. We assume all
these vectors are orthonormal. The vectors space of the span program is spanned by all t,s. The vector
ty that corresponds to the vertex @) of G is the target vector of the span program.

If a: S — {0,1} is a 1-certificate for f, ¢, is a free input vector. Consider an arc e of G from S to
SU{j} with weight w.. For each vector t, with « having domain S, we add two input vectors

Ve (ta = taugjsbt) b=0,1. (4.5)

Here awU {j + b} is the assignment with domain SU {j} that maps i to «(i) for ¢ € S and maps j to b.
Each of these two vectors is labelled by the corresponding value b of the variable j.



CHAPTER 4. CERTIFICATE STRUCTURES 82

Let us describe a negative witness w’ of the span program on input y € f~1(0). For each t,, we let
(W' te) = 1if a agrees with y, and (w',t,) = 0 otherwise. Consider a free input vector of the form
to. Since f(y) = 0, and « is a l-certificate, o does not agree with the input. By construction, t, is
orthogonal to the witness w’. Now consider an available input vector of the form (@3). There are two
cases:

e The inner product (w', t,) equals 0. In this case, a does not agree with the input, and, hence, none
of aU{j — 0} and a U {j — 1} does. Hence, both vectors of ([@H]) are orthogonal to the witness.

o The inner product (w’,t,) equals 1. In this case, only the vector corresponding to the value y; is
available in (@), and the assignment o U {j — y;} agrees with the input. Hence, the available
input vector is orthogonal to the witness.

This proves that w’ is indeed a negative witness. Let us calculate the size of w’. Let e be an arc of G
from S to SU{j}. We claim there is exactly one input vector that arises from e and is not orthogonal
w’. Let o be an assignment with domain S. By the first point above, if a does not agree with the input,
both input vectors in (1)) are orthogonal to w’. If « agrees with y, the inner product of the false input
vector from (£LH) and w’ is \/w.. Summing up over all arcs, the size of w’ equals >, we = N(G).

Now, let us construct a positive witness for an input z € f~1(1). Let p. = p.() be the corresponding
flow. We describe a linear combination of the available input vectors that equals ty. Let e be an arc
from S to SU{j} with weight w.. Let a = xg and take the available input vector from (LH) with the
coefficient p./,/w.. Multiplied by the coefficient, the vector equals pe(tzs — tag, . ). Suppose a vertex
S is a sink. Then, ¢, is a free input vector. Take it with the coefficient equal to the difference of the
in-flow to S and the out-flow of S. By the definition of the flow, the sum of all these vectors equals the
target ¢y. The witness size is >__ p? /w. = P(G, z). O

Second Proof of Theorem [[.11] (Lee [25]). This time, we reduce to Theorem 345l For each arc e from S
to SU{j}, we define a block-diagonal matrix X5 = Yo Ya, where the sum is over all assignments a on
S. Each Y, is defined as ¥1)* where, for each z € D:

Pe(2)/\/We, f(z) =1, and z satisfies o
Ylz] = § we, f(2) =0, and z satisfies «;
0, otherwise.

Finally, we define X; in (8.14) as ), X§ where the sum is over all arcs e loading j.

The condition (3I4d) is trivial. Let us check the condition ([B.I4B). Fix any z € f~(1) and y €
f7(0). By construction, X¢[z,y] = pe(x) if x5 = ys where S is the origin of e, otherwise, X§[x,y] = 0.
Thus, only the arcs e from S to SU{j} such that zg = ys and x; # y; contribute to the sum in (3.14D).
These arcs define a cut between the source () and all the sinks of the flow p. = p.(z). Hence, the sum of
the values of the flow on these arcs equals the total value of the flow, 1.

Let us calculate the objective value ([B.14al). In X ;» the diagonal entry corresponding to an element
z € D equals pe(2)?/w, or w,, if f(2) equals 1 or 0, respectively. The sum ZJE[N] X equals ), X¢ where
the summation is over all arcs of the learning graph. Hence, the objective value equals the maximum of

N(G) and P(G). O

4.2.3 Procedure-Driven Description

In this section, we give an interpretation of a learning graph as a randomised procedure for loading
variables. This interpretation is useful for symmetric problems. Let C be a certificate structure. For
each M € C, its own procedure is built. The goal is to end up in an element of M, and this must be
achieved with certainty. The value of the complexity of the learning graph arises from the interplay
between the procedures for different inputs.

We illustrate this concepts by an example of a learning graph for the k-subset certificate structure.
It corresponds to the algorithm in Theorem Let M € C be given by {a1,as...,a;}, ie., S € M iff
S contains all of a;s. Our randomised procedure consists of k + 1 stage and is given in Table 1l Here
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r = o(N) is some parameter to be specified later. In this case, only stage I is probabilistic, and all other
stages are deterministic. Thus, the internal randomness of the procedure is concealed in the choice of

the r elements. Each choice has probability p = (N ;k)_l.
I. Load r elements different from aq,...,a; uniformly at random.
II.1. Load a;.
I1.2. Load as.
II.Lk. Load ay.

Table 4.1: Learning graph for the k-subset certificate structure.

Let us describe how the graph G and the flow p is constructed from the procedure in Table 1l At
first, we define the key vertices of G. If d is the number of stages, the key vertices are Vo U---UVy, where
Vo = {0} and V; consists of all possible sets of variables loaded after ¢ stages (over the choice of M and
the choice of the internal randomness).

For a fixed M € C and fixed internal randomness, the sets S;_1 € V;_1 and S; € V; of the variables
loaded before and after stage i, respectively, are uniquely defined. In this case, we connect S;_; and S;
by a transition e, and say that the transition is taken for this choice of M and the randomness. The
transition e is the path

Si—l; (Si—l U {tl}, 6), (Si—l U {tl,tg},e), ey (Sz \ {t(}, 6), Si

in G, where t1,...,t; are the elements of S; \ S;_; in some arbitrary order (see also Example LT2)).
Additional labels e in the internal vertices ensure that the paths corresponding to different transitions
do not intersect, except at the ends. We say that the transition e and all arcs therein belong to stage .
The number /¢ is the length of the transition.

We say a transition is used for M € C, if it is taken for some choice of the internal randomness.
The set of transitions of G is the union of all transitions used for all inputs in M € C. For example,
Table features the description of all transitions for each stage of the learning graph in Table [£1], and
the condition when each of them is used for a particular M € C. Figure 4] shows an example of the
learning graph for one particular choice of the parameters.

Figure 4.4: The learning graph for k-distinctness from Table Il in the case k =2, N =5 and r = 2.

The flow p.(M) is defined as the probability, over the internal randomness, that transition e is taken
for M. All arcs forming the transition are assigned the same flow. Thus, the transition e is used by M
if and only if p.(M) > 0. In the learning graph from Table 1] p.(M) attains two values only: 0 and p.
Also, for each transition e, we define its weight w,, and all arcs in the transition also have this flow.

We define the (total) complexity of stage i, T;(G), similarly as 7(G) is defined in (A3) and (£4) with
the summation over F;, the set of all arcs on stage ¢, instead of E. It is easy to see that T(G) is at most

> Til9).
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The description in Table [£.1] said nothing about the weights of the transitions. We define them using
Theorem .18 below. But for that we need some additional notions.

Definition 4.17 (Symmetric flow). We say that the flow on stage ¢ is symmetric if all transitions on
the stage can be divided into classes so that the following holds. Firstly, all transitions in the same class
has the same length. Secondly, for each class, the flow p.(M) through a transition in the class takes two
values only: 0 and some p > 0. The value of p neither depends on the choice of M € C, nor on the choice
of e in the class (but it may depend on the class). And finally, the number of transitions in the class
used by the flow does not depend on the choice of M € C.

The flow in the learning graph from Table 1] is symmetric. The conditions of Definition [£17] are
satisfied if one puts all the transitions on each stage into one class.

We define the length of the class as the length of any transition in it. The ratio of the total number
of transitions in the class to the number of them used by the flow is called the speciality of the class. The
speciality T; of stage 4 is the maximal speciality of all classes on stage i. The length L; of stage ¢ is the
average length of a class on stage i: L; = ) __p.(M){(e) where {(e) is the length of the transition e and
the sum is over all transitions on stage i. For a symmetric flow, both these quantities do not depend on
the choice of M.

Theorem 4.18. If the flow on stage i is symmetric, the arcs on stage i can be weighted so that the
complexity of the stage becomes L;\/T;.

Proof. For each class C, let |C|, {c, qo, T be, respectively, the number of transitions in C, the length
of C, the non-zero value of the flow in C, and the speciality of C'. Let us assign the same weight w¢
to all the arcs in C. Then, the negative complexity of the stage is ) |C|lcwc, and the positive is

o ‘C|€ qc . If we define we = qo/v/T;, both of these quantities become equal to

> 9] Jrtewe = S VTt op

where the second sum is over all transitions on stage ¢. Clearly, the last expression does not exceed

Li\/T,. O

Stage | Transitions Used Length Speciality
I | From 0 to S of r elements ay...,ap ¢S r O(1)
IL.1 | From S to SU{j} for |S| = r and ay...,ax ¢S, j=m 1 O(N)
jEs
IT.2 | From S to SU{j} for |S|=7r+1 a1 €S, as,...,ar ¢S, j=as 1 O(N?/r)
and j ¢ S
IL.k | From S to SU{j} ay...,ax—1 €S, j=ayg 1 O(N* /rk=1)
for |S|=r+k—1landj¢ S

Table 4.2: Description of the transitions for each stage of the learning graph in Table LIl Additionally,
it is described when the transition is used, and the length and speciality of each stage.

Now we are able to calculate the complexity of the learning graph in Table £Jl The parameters of
each stage are given in Table It is not hard to verify the table. For example, a transition from S to
SU{j} on stage IL.k is used by M iff ay,...,ax_1 € S and j = ay. For a random choice of S and j ¢ S,
the probability of j = ay, is 1/N, and the probability of ai,...,ax_1 € S, given j = ay, is Q(rF~1/NF-1).
Thus, the total probability is Q(r*~1/N*) and the speciality is the inverse of that. By Theorem EI8]
the complexity of the learning graph is O(r + \/N*/rk=1). Tt is optimised when r = N*/(*+1) "and we
have
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Theorem 4.19. The learning graph complexity of the k-subset certificate structure on N variables is
O(NK/(k+1)y

The main idea behind the learning graph in Table [£1] is to reduce the speciality of loading the
certificate given by the element ai,...,ar. In the learning graph from Table L] it is achieved by
loading r non-marked elements before loading the certificate. A transition of stage II.k from a subset S
of size 7 + k — 1 to its superset S U {j} gets used for all M € C such that aq,...,ar_1 are in S. This
makes (T"};Efl) choices of M for which the transition is used. This reduces the speciality from O(N¥)
(if there were no stage I) to O(N*/rF=1). In this case, we say that ai,...,ax_1 are hidden among the
r previously loaded elements. This gives an intuitive way of calculating the specialities of stages of a
learning graph.

We see that the larger the set we hide the elements ai,...,a;x—1 into, the better. Unfortunately,
we can’t make r as large as we like, because loading the non-marked elements also counts towards the
complexity. At the equilibrium point r = N¥/(*+1) we attain the optimal complexity of the learning
graph.

4.2.4 Applications

The paper [22] contains a quantum O(n?/27)-query algorithm for the triangle problem as a consequence

of the above theory. This was an improvement compared to the previously best known O(n'3/1)-query
algorithm from Theorem This result was generalised to arbitrary subgraphs in [I35], 84]. After
that, all these results were improved by Lee, Magniez and Santha in [85]. In particular, they gave a
O(n*")-query algorithm for the triangle detection, and O(n'®/7)-query algorithm for the associativity
testing problem. In this section, we describe both of these algorithms. Also, the paper contains a general
framework for subgraphs detection. The complexity of the algorithms is expressed as the optimal value
of a linear program. Refer to the paper for more detail. We start with the triangle certificate structure.

Theorem 4.20. The quantum query complexity of the triangle certificate structure on n vertices is
O(n%7) = O(N/14).

Proof. Let a,b and c be the vertices of the graph that define an element M of the certificate structure.
Consider the learning graph in Table[ 3] where r1, 72 and ¢ are some parameters that satisfy r1, 72 = o(n),

r1,72 = w(l) and ¢ = o(r3). See also Figure The flow is defined similarly to Section L2231 Every
n—3

71,72

() =)0

-1

-1
non-zero flow through a transition on stages I, Il and III is p = ( ) , where we use notation

On stages IV, V and VI, every non-zero flow equals p(?)

I Take disjoint subsets A, B C [n]\ {a, b, ¢} of sizes r1 and ry, respectively,

uniformly at random, and load all the edges between A and B

II Add a to A and load all the edges between a and B

IIT  Add b to B and load all the edges between b and A (including ab)

IV Choose, uniformly at random, ¢ vertices in B\ {b} and load all the edges
connecting ¢ to this vertices

V  Load the edge bc

VI Load the edge ac

Table 4.3: Learning graph for the triangle certificate structure.

The flow is symmetric if we put all transitions on one stage into one class. The parameters of the
learning graph are summarised in Table 4l The lengths of the stages are obvious. Let us give some
comments on the values of the specialities using the hiding argument. It is also not hard to give a direct
counting argument.
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Stage I II IIT I\Y A% VI
Length | riro 1o 1 Y4 1 1
Speciality | 1 n n?/ry n3/(rire) n3/ri n3/0

Table 4.4: Parameters of the stages of the learning graph in Table All expressions are given up to
constant multiplicative factors.

e On stage III, b is uniquely determined by the transition, a is hidden among the r; 4+ 1 element of
A, and ¢ can be almost any vertex of the graph.

e On stage IV, ¢ is uniquely determined, a is hidden among the r; + 1 element of A, and b is hidden
among the Q(ry) elements of B not being connected to c.

e On stage V, b and c¢ are uniquely determined, and a is hidden among the r; 4+ 1 element of A.
e Finally, on stage VI, a and ¢ are uniquely determined, and b is hidden among the ¢ + 1 element of
B connected to c.
By Theorem I8 we get the complexity of the learning graph is
n3/20  p3/2  p3/2
+ + .
NG IRV U
It can be checked that the optimal complexity of O(n®7) is achieved for the values of the parameters
o =n*", ry =n®7 and £ = n3/7. O

rir2 +r2vn 4 nyr +

Stage IV Stage VI

Figure 4.5: Illustration of the learning graph in Table for one particular choice of the number of
vertices in the graph, vertices a, b and c¢ defining the certificate M, and the internal randomness given
by A and B. The edges loaded before the stage are shown as solid lines, and the edges being loaded
during the stage are shown as hatched lines.

Now consider the associativity testing problem. In this problem, we are given a binary algebraic
operation o defined on a set of n elements. The access to the operation is via an input oracle that,
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given elements a,b € [n], returns the value of a o b. The problem is to check whether the operation is
associative, i.e., whether (boc)od = bo (cod) for all b,c,d € [n]. This problem can be treated as a
Boolean function on N = n? variables in [n]. We treat the input to the associativity testing problem as
a graph. The set of vertices is [n], and each edge ab is labelled with the values of aob and boa. A query
to the edge variables can be simulated by two queries to the input oracle.

—cod b c b
G_Si,//’»o—o\cd)//e’:ooc

Figure 4.6: The associativity testing problem as having the 4-path certificate structure

In this representation, it suffices to construct a learning graph for the 4-path certificate structure. In
this certificate structure, the variables are given by pairs 75 with 1 < i < j < n, and each M in the
certificate structure is defined by five distinct elements a,b,c,d,e € [n] so that S € M if and only if
S D {ab,bc,cd,de}. In the last expression, we assume that ji = ij for all ¢ < j. Indeed, we search for
elements b, ¢, d such that (boc)od # bo(cod). Denote a = cod and e = boc. Then, the edges ab, be, cd
and de provide a certificate that the operation o is not associative, see Figure There is a slight
complication: It may happen that some of a,b,c,d,e are equal. The easiest way to overcome it is to
copy each vertex of the graph 5 times. In this case, even if some of the elements are equal, there is still a
certificate formed by a 4-path. From the next theorem, it follows that the quantum query complexity of
the associativity testing problem is O(n'%/7) = O(N®/7). The best previously known quantum algorithm
was based on simple Grover search and used O(n*/?) queries.

Theorem 4.21. The learning graph complexity of the 4-path certificate structure is O(n10/7),

Proof. Let a,b,c,d,e define an element M of the certificate structure. The learning graph is given in
Table Again, the flow is treated as probability. For instance, a non-zero flow through a transition
on stage I equals
< n—=>a ) 18k1+k2(1 _ S)r1r2+rgr4—k1—k2
r1,72,73,T4

where k; and ko are the number of edges the transition loads between A and B, and C and D, respectively.
The stages IV and VII are special. No edges are loaded, instead of that, the flow before this stages is
modified. We scale the flow going to the vertices of the learning graph satisfying the condition so that
it has value 1, and remove the flow from all other vertices. By the Markov inequality, the probability
the condition in stage IV is satisfied is at least 1/4, so the positive complexity of the previous stages
increases by at most a factor of 16. Similarly for stage VII. We calculate the complexity of the stages
before the step with the old flow, and after the step—with the new one. As the flow is scaled uniformly,
it remains symmetric after the conditioning.

The flow is symmetric if we define the class of the transition by the number of loaded edges between
A and B, and between C' and D before and after the transition. The lengths and specialities of the
stages are summarised in Table It is straightforward to check that the complexity of each stage is
O(n'0/7).

The average lengths in Table are easy to check. Let us give some comments on specialities:

e On stage III, b is uniquely defined, and a is hidden among the elements of A.

e On stage V, d is uniquely defined, and ab is hidden among the non-loaded edges between A and
B. This is the reason why we conditioned on having at most r17r2/2 edges loaded between A and
B. Similarly on stages VI and VIII.

e On stage IX, ¢ and d are uniquely defined, and ab is hidden among the loaded edges between A
and B. This is why we conditioned on having at least sriro/2 edges loaded between A and B.
Stage X is similar.
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I. Take disjoint subsets 4, B,C,D C [n]\ {a,b,c,d,e} of sizes r1 = n/10, 1o = n¥7, r3 =
nS/7 and ry = n®'7, respectively, uniformly at random. Load all edges between B and C.
Load each edge between A and B, and between C' and D, independently at random with
probability s = n~1/7.
II. Add a to A, and load each edge between a¢ and B independently with probability s.
ITI. Add b to B, load all the edges between b and C, and load each edge between b and A\ {a}
independently with probability s.
IV. Condition on having at least sri7r2/2 and at most r172/2 edges between A and B.
V. Add d to D, and load each edge between d and C' independently with probability s.
VI. Add cto C, load all the edges between ¢ and B, and load each edge between ¢ and D \ {d}
independently with probability s.
VII. Condition on having at least srzry/2 and at most r374/2 edges between A and B.
VIIII. Load the edge ab.
IX. Load the edge cd.
X. Load the edge de.

Table 4.5: Learning graph for the 4-path certificate structure.

Stage I II 111 Vv VI VIII IX X

Length | sriro + srarg +rors sro  sri+rs  Srg  Srq+ 1o 1 1 1

Spe(31allty 1 n 712/711 rn3 n* n? n* . n®
172 17274 r3r4 STr1T2 S$°1r1T2T3

Table 4.6: Parameters of the stages of the learning graph in Table All expressions are given up to
constant multiplicative factors.

For greater clarity, we also give a direct counting argument for stage X. Let k1 and ks be the number
of edges between A and B, and between C' and D in a transition of a fixed class. The total number of
transitions in the class is

(r1 1, 17703 NI 1) ((Tl ' 1]):"2 : 1)) <(T3 " 1}){27"4 " D) (ra+1)(n=ri—=rz =15 —ra —4).
(4.6)

For fixed a, b, ¢,d and e, the number of transitions used by the flow is

( n_5 )<(r1+1)(T2+1)—1><(7"3+1)(7”4+1)_1). (4.7)

T1,72,73,74 k-1 ko —1

A simple calculation shows that the ratio of @B) to @X) is O (n®/(s*rirors)) if ky > srirg/2 and
ko > srary/2. Similarly, one can check the specialities of all other stages. O

4.3 Duality

This section is similar in spirit to Section B3Il We obtain a dual formulation of the learning graph
complexity of a certificate structure that can serve as a lower bound. After that, we use this dual
formulation to show that the learning graphs we obtained in the previous sections are tight up to constant
factors. Since a learning graph seems a powerful tool for construction of quantum query algorithms, it
is important to understand its limitations. Even more, in the next section, we show how lower bounds
on learning graph complexity can be transformed into lower bounds on quantum query complexity for
some specific functions.

Recall that due to Proposition [.I6, we may assume a learning graph uses each subset of [N] as a label
of its vertex at most once. Also, by introducing zero weights of arcs, we may, without loss of generality,
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assume the learning graph uses all subsets of [N] exactly once, and uses all possible arcs between them.
Thus, let E by the set of pairs (S,5’) of subsets of [N] such that " = S U {j} for some j ¢ S. For
e=(5,SU{j}) € E,let s(e) = S and t(e) = SU{j}.

Theorem 4.22. The learning graph complexity of a certificate structure C on N variables is equal to the
optimal value of the following two optimisation problems

minimise | /Z g e (4.8a)

. pe(M)2 .
subject to ZeeE o 1 for all M € C; (4.8D)
> o p(M)= > pe(M) forall M eCandS e 2N\ (MU{0}); (4.8¢)
e€E: t(e)=S e€E: s(e)=S
ZSGE: o pe(M) =1 for all M € C; (4.8d)
pe(M)eR, we>0 for alle € E and M € C; (4.8¢)

(here, 0/0 in is defined to be 0), and

maximise ZMGC g (M)? (4.9a)
subject to ZMGC (ovs(ey (M) — ozt(e)(M))2 <1 forallee€ E; (4.9b)
as(M)=0 whenever S € M; (4.9¢)
as(M) eR for all S C [N] and M € C. (4.9d)

Proof. Eq. (&) is a restatement of the definition of a learning graph from Section 42l with an application
of Remark LT0l The second expression ([{3)) is a new one, and requires a proof. The equivalence of
the two expressions is obtained by duality. We use basic convex duality [34, Chapter 5]. First of all,
we consider both programs with their objective values ([@8a) and (£9a) squared. With this change,
Eq. ([£3) becomes a convex program (for the convexity of ({80, see [34, Section 3.1.5]). The program is
strictly feasible. Indeed, it is easy to see that ([{8d) and (£8d]) are feasible. To assure strong feasibility
in (48H)), it is enough to take w, large enough. Hence, by Slater’s condition, the optimal values of (8]
and its dual are equal. Let us calculate the dual. The Lagrangian of (L8] is as follows

St 3 (£ 200 )

ecE MeC ecE
+ ) VM,S< > pe(M) = > pe(M)> + > uM7@<1— > pe(M)>. (4.10)
Mec, SC[N] ecE ecE MeC ecE
S#0, SgM t(e)=S s(e)=S s(e)=0

Here pup > 0, and vy s are arbitrary. Let us first minimise over p.(M). Each p.(M) appears three
times in (£I0) with the following coefficients:

M
pe(M)z% +pe(M) (VM,t(e) - VM,s(e))a

where we assume vy; g = 0 for all S € M. The minimum of this expression clearly is
2 (v Vats(e)’
- \Vm — VM .

my ;t(e) s(e)

Plugging this into ({.I0) yields

> (Vare — par) + Y we (1 -> (a0 = Varste) ) . (4.11)

4
Mec e€E Mec K
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Define ag(M) as var,s/(2v/fiar). Minimising (£I1)) over we, the second term disappears if condi-
tion (L9N) is satisfied. The first term is

S™ 2yimran(M) = ).

Mec
We can also maximise over s, that gives the square of (£.9al). O

Now, we construct feasible solutions to the dual learning graph complexity (@3) for some of the
certificate structures from Section

Proposition 4.23. The learning graph complexity of the hidden shift (and, hence, the set equality and
the collision) certificate structure is @(N'/3).

Proof. For the upper bound, refer to Proposition [£. 14l Here we prove the lower bound. We show that
either we load too many elements, or the speciality of loading the second element of a pair in M is too
high. Let C be the hidden shift certificate structure. Define

N=Y2max {N'/3 —|S], 0}, S ¢ M;

0, otherwise.

OéS(M)Z{

It is easy to check that the objective value [@Ja) is Q(N'/3). The condition [Jd) is trivial. We now
prove that the condition (&9H) holds up to a constant factor. Fix any S C [N] and j ¢ S. If |S| > N1/3,
then ag(M) = agyg; (M) = 0 for all M, and we are done. So, assume |S| < N1/3,

There are m choices of M in C. If SU {j} ¢ M, then the value of ag(M) decreases by 1/v/N as |S]|
increases by 1. If M is such that S ¢ M and SU{j} € M, then ag(M) changes by at most N~/6. But
there are at most N'/3 such choices of M. Thus,

1

§ (as(M) — agugjy (M) <m-~+ NY3. N7V3 = 0(1).
n

MeC

For the set equality and collision certificate structures, just assign ag(M) = 0 for all M that do not
belong to the hidden shift certificate structure. O

Proposition 4.24. The learning graph complezity of the k-subset certificate structure on N wvariables is
@(Nk:/(kJrl))

Proof. The upper bound is proven in Theorem 19 Let us prove the corresponding lower bound. Let C
be the k-subset certificate structure. Define ag(M) as

N\ 12
(k) maX{Nk/(kH) —15], 0}

if S ¢ M, and as 0 otherwise. Let us prove that (£.9D]) holds up to a constant factor. Take any S C [N]
and let j be any element not in S. Again, we may assume |S| < NFE/(k+1) " There are (],Z) choices of M.

If SU{j} ¢ M, then the value of ag(M) changes by (2’)71/2 as the size of |S| increases by 1. Also,
there are at most (k‘fll) < NFE=D/(k+1) choices of M € C such that S ¢ M and SU{j} € M. For each

of them, the value of ag(M) changes by at most (JZ)_UQN’“/(’CH). Thus,

N\ [/N -
Z (as(M) — asugjy (M))* < (k:) [(k) 14 NFE=D/ R4 N2R/ (R | — (1),
Mec

On the other hand, for the objective value ([£.9al), we have

D ap(M)2 = NF/HD, O
MecC
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4.3.1 Triangle Certificate Structure

The point of this section is to show that the learning graph from Theorem for the triangle certificate
structure is essentially tight. One can see that the proofs of the lower bounds in Propositions
and [£.24] essentially proceed by showing, in a formal way, that all possible strategies of constructing the
upper bound fail. The complete proofs are short because of the simplicity of the corresponding certificate
structures. But even for the triangle the proof becomes rather bulky, and we lose a logarithmic factor
compared to the upper bound, Theorem

For greater clarity, we prove the lower bound in two steps, by at first showing Q(n°/*) lower bound.

Proposition 4.25. The learning graph complezity of the triangle certificate structure on n vertices is
Q(n®/%).

Proof. The idea of the proof is straightforward: we show that we either load too many edges incident to
the vertices of the triangle, or the speciality of loading the last edge of the triangle is too high.

Let C be the triangle certificate structure. Fix some M € C given by a triangle abe, and let S be the
set of loaded variables (edges of the input graph). Let T' denote the subset of {a,b,c} that consists of
vertices incident to at least one not-yet-loaded edge of the triangle. (Thus, T is either empty, or consists
of 2 or 3 vertices.) Denote

d = max {miITldegS x —+/n, O} ,
EAS
where degg z is the number of loaded edges incident to z. Define

(M) 0, ab,ac,bc € S;

« =

s n=3/2max {n®* —|S| —n3/4d, 0}, otherwise.

The objective value and (E9d) are clear. So let us check (49B) in various cases. Assume S and j ¢ S
are fixed. We may also assume |S| < n%/4.

e adding the edge j increases |S| by 1. The change in ag(M) is n=3/2, and O(n?®) choices of M
satisfy this condition. This gives the total contribution of O(1) to the left hand side of (£.90)).

e d increases by 1, but T' does not change. We may assume that d < y/n. There are two cases.

— T ={a,b,c}. Thus, the degrees (in S) of a, b and c are at least /n. Then, one of the vertices
of the triangle is incident to the new edge, and the two other vertices of the triangle are among
at most 2m®/*/n'/? = O(n®/*) vertices of high degree. This gives O(n?/?) choices of M that
are affected by this change.

— T omits one of a, b, c. In this case, one vertex of the triangle is incident to the new edge. Also,
as d changes, our assumption on d < y/n shows that the degree of this vertex is at most 2y/n.
Thus, the vertex omitted from T is among at most 2v/n of its neighbours, and the second
vertex of T is among O(n®/*) vertices of high degree.

As ag(M) changes by n~3/%, the total contribution is O(1).

e j is the second edge of the triangle, and d is affected as T changes; or j is the third edge of the
triangle. Again, we may assume that d (before the change of T) is less than y/n. In this case, two
vertices of the triangle are determined by the new edge, and the third one is among at most 2v/n
neighbours of one of the two. There are O(y/n) choices of M, the change in ag(M) is at most
n~/% and the total contribution is O(1). O

Curiously, Proposition does not match the upper bound from Theorem E.20] because it is possible
to load many edges incident to the vertices of the triangle. Consider the learning graph in Table 7]
where a,b and ¢, as usually, denote the vertices of the triangle. Its analysis is performed in Table If
we set 79 = n3/* and 71 = r3 = n'/2, then the complexity of each stage, except stage VII, is O(n5/4).
Also, before stage V, each vertex of the triangle is incident to at least y/n loaded edges.
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I  Take disjoint subsets B, C C [n]\ {a,b, ¢} of sizes ro and rs, respectively,
uniformly at random, and load all the edges between B and C
I Add a to B and load all the edges between a and C'
IIT  Add b to B and load all the edges between b and C'
IV Choose, uniformly at random, a subset A C B\ {a, b} of size r; and load
all the edges between ¢ and A
V  Load the edge ac, and add a to A
VI Load the edge bc
VII Load the edge ab

Table 4.7: An illustrative learning graph for the triangle certificate structure.

Stage I II 11 I\Y \% VI VII
Length | rorg 13 r3 71 1 1 1
Speciality 1 n n%/rg 032 nd/re 03/ 7

Table 4.8: Parameters of the stages of the learning graph in Table 7l All expressions are given up to
constant multiplicative factors.

To get a small complexity of the last stage, we would like to say that ¢ is hidden in C', but it is not
true, because c is the only vertex in C' that is not connected to the vertices in B\ A. If we were able to
erase the edges between C' and B\ (A U {b}), the complexity of stage VII would also become equal to
O(n®/*). But, we are not able to do this. The analysis in Proposition does not take into account
that we could have extra edges we would like to get rid of, and it gives lower bound of only Q(n5/ 4
because of the learning graph in Table [£77 In order to give a tight lower bound, we have to take into
account the degrees of vertices outside the triangle. Thus, we will be able to catch that the degree of
¢ in Table 47 is different from the degrees of the vertices in C'. While doing so, we lose a logarithmic
factor in the estimate.

Theorem 4.26. The learning graph complexity of the triangle certificate structure on n vertices is
Q(n%7/\/logn).
Proof. Let E = {uv |1 <wu < v <n} be the set of input variables (potential edges of the graph). Let C

be the triangle certificate structure. We will construct a feasible solution to (£9) (with [N] replaced by
E) in the form

max{n =3/ —n=3/2|8| — Zle (S, M), 0}, S ¢ M;

' (4.12)
0, otherwise;

ag(M) = {

where g;(S, M) is a non-negative function such that g;(#, M) = 0 and g¢;(S, M) < n=3/'*. The value

of @3Ja) is /(%) n=3/* = Q(n®7). The hard part is to show that (Z9b) holds up to logarithmic factors.
It is easy to see that ag(M) = 0 if |S| > n®/7, hence, we will further assume |S| < n%/7.

For S C E and j € E\ S, let F(S, ) denote the subset of M € C such that S ¢ M, but SU{j} € M.

We decompose F(S,j) = F1(S,j)U--- U Fg(S,j) as follows. Each M € C is defined by three vertices

a, b, ¢ forming the triangle: S € M if and only if ab,ac,bc € S. An input index j € E satisfies S ¢ M

and SU{j} € M only if j € {ab, ac, bc}. We specify to which of F;(S,j) an element M € F(S, j) belongs
by the following properties:

e to which of the three possible edges, ab, ac or be, the new edge j is equal, and
e the range to which the degree in S of the third vertex of the triangle belongs: [0,n3/7], [n3/7,2n%/7],
20377 4n3/T), [4n3/7 803/ ...

Hence, k ~ 12/71og, n. For notational convenience, let j = be. Then, the second property is determined
by dega = degg a, the degree of a in the graph with edge set S.
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For i € [k], we will define g;(S, M) so that, for all S C E of size at most n%/7 and j € E\ S:

S (98 M) — gi(SU{j}, M))* = 0(1) (4.13)
M€eC\F(S,7)
and
S (M - g5, M) = 0(1). (4.14)
MEF;(S,5)

Let go(S, M) = n=3/2|8|, for which [@I3) holds. Even more, we will show that the set K = K(S, ) of
i € [0, k] such that (ZI3) is non-zero has size O(1). Thus, for the left hand side of (£.9h)), we will have

S (as(M) —asupn (M2 < KIS ST (9:(8, M) — gi(S U {5}, M)

Mec i€K MeC\F(S,5)

k
+ Z Z (n73/14 _ gz(S; M))Q,

i=1 MeF;(S,j)

where the former term on the right hand size is O(1) and the latter one is O(logn). By scaling all
ags(M) down by a factor of O(y/logn), we obtain a feasible solution to ([@3) with the objective value
Q(n°7/\/logn).

It remains to construct the functions g;(S, M). In the following, let u(x) be the median of 0, x, and
1, i.e., p(x) = max{0, min{z, 1}}. The first interval of dega will be considered separately from the rest.

First interval Assume the condition dega < n®/7. Define

n—3/14 u(2 _n3/7 deg a)7 ab,ac € S;

) (4.15)
0, otherwise.

gi(S?M) = {

Clearly, g;(0, M) = 0 and g¢;(S, M) > 0. There are two cases how ¢;(S, M) may be influenced. We show
that the total contribution to (£I3) is O(1).

e It may happen if |{ab,ac} N S| = 1 and j € {ab,ac}, ie., the transition from the second case
of @IH) to the first one happens. Moreover, gi(S, M) changes only if dega < 2n%/7. Then j
identifies two vertices of the triangle, and the third one is among the neighbours of an endpoint
of j having degree at most 2n3/7. Thus, the total number of M satisfying this scenario is at most
4n3/7. The contribution to @I3) is at most O(n®/7)(n=3/14)2 = O(1).

e Another possibility is that ab, ac € S and deg a changes. In this case, a is determined as an endpoint
of 7, and b and ¢ are among its at most 2n3/7 neighbours. The number of M influenced is O(n%/7),
and the contribution is O(n%/7)(n=9/1)2 = o(1).

Finally, we have to show that @I4) holds. If M satisfies the condition, then ab, ac € S and dega < n®/7.
In this case, the left hand side of [@I4]) is 0.

Other intervals Now assume the condition d < dega < 2d with d > n3/7. Define a piece-wise linear
function 7 as follows

0, x < df2; 7(@)

2z —d)/d, dj2<z<d, 1 e : R
T(z) =4 1, d<z<2d; : :

(5d —2z)/d, 2d <z <5d/2;

0, x > 5d/2.

0 d/2 d 2d  5d/2 @
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It can be interpreted as a continuous version of the indicator function that a vertex has a right degree.
Define

v(S,M) = Z 7(degv),

vEN(b)NN(c)

where the sum is over the common neighbours of b and c. Let

2dega Z/(S,M)}_l).

gl(S7 M) = n*3/14 u(mln{ 7 W

Let us consider how ¢;(S, M) may change and how this contributes to (£.9b). Now there are three cases
how g¢;(S, M) may be influenced. We again show that the total contribution to (ZI3]) is O(1).

e It may happen that j is incident to a common neighbour of b and ¢, and thus v(S) may change.
This means b and ¢ are among the neighbours of an endpoint of j of degree at most 5d/2. Hence,
this affects O(nd?) different M. The contribution is O(nd?)(n=%/1*/d)? = o(1).

e The set N(b) N N(c) may increase. This causes a change in ¢;(S, M) only under the following
circumstances. The new edge j is incident to b or ¢. The second vertex in {b, c} is among ©(d)
neighbours of the second end-point of j. Finally, dega > d/2, that together with |S| < n%7 implies
that there are O(n?/7/d) choices for a. Altogether, the number of M affected by this is O(n?/7),
and the change in g;(S, M) does not exceed n~%/*4. The contribution is O(1).

e The degree of a may change. Let us calculate the number P of possible pairs b and ¢ affected

by this. There is a change in g;(S, M) only if b and ¢ are connected to at least n®/7 vertices of
degrees between d/2 and 5d/2. Denote the set of these vertices by A. Since |S| < n?/7, we have
|A| = O(n"/7/d).
Let us calculate the number of paths of length 2 in S having the middle vertex in A. On one hand,
this number is at least Pn3/7. On the other hand, it is at most O(d?|A|) = O(dn®/7). Thus, P =
O(dnS/7). Since a is determined as an end-point of j, the contribution is O(dn5/7)(n=3/1/d)? =
O(1), as d > n3/7.

Finally, j may be the last edge of the triangle. We know that dega > d, hence, either n—3/1% —
gi(S, M) =0, or v(S, M) < 2n3/7, in which case, there are O(n3/7) choices of a satisfying the condition.
Hence, the left hand side of @I4) is O(n3/7)(n=3/14)2 = O(1).

If g;(S, M) — g;(SU{j}, M) # 0, then, in the first three cases, the value of d, up to a small ambiguity,
may be determined from the degree of one of the end-points of j. Hence, the set K = K (5, j), as stated
previously in the proof, exists. O

4.4 Lower Bound

In this section, we use the dual formulation of the learning graph complexity, Theorem E.22] to prove
that learning graphs achieve the best possible quantum query complexity among all algorithms that rely
only on the certificate structure of the function being calculated.

Theorem 4.27. For any certificate structure, its quantum query and learning graph complexities differ
by at most a constant multiplicative factor.

This means that any quantum query algorithm willing to perform better has to adopt its strategy
in accordance to the values of the variables it has learned so far. Although Theorem is a very
general result, it is unsatisfactory in the sense that the function having the required quantum query
complexity is rather artificial, and the size of the alphabet is astronomical. However, for a special case
of certificates structures we are about to define, it is possible to construct a relatively natural problem
with a modestly-sized alphabet having high quantum query complexity.

Definition 4.28 (Boundedly-Generated Certificate Structure). We say that a certificate structure C
on N variables is boundedly-generated if, for any M € C, one can find a subset Aj; C [N] such that
|Ay| = O(1), and S € M if and only if S D Ay,.
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For example, the k-subset and the triangle certificate structures from Examples 4] and are
boundedly-generated, while the certificate structures from Examples and [£7] are not. The trivial
certificate structure from Example is not boundedly-generated as well, because N # O(1).

Definition 4.29 (Orthogonal Array). Assume 7T is a subset of [¢]*. We say that T is an orthogonal
array over alphabet [q] iff, for every index ¢ € [k] and for every sequence z1,...,2;—1,%it1,...,2 Of
elements in [q], there exist exactly |T'|/¢* ! choices of z; € [q] such that (x1,...,7;) € T. We call |T| the
size of the array, and k—its length. (Compared to a standard definition of orthogonal arrays (cf. [64]),
we always require that the so-called strength of the array equals k — 1.)

Theorem 4.30. Assume a certificate structure C is boundedly-generated, and let Aps be like in Defini-
tion [{-28 Assume the alphabet is [q] for some g > 2|C|, and each Anr is equipped with an orthogonal
array Ty over alphabet [q] of length |Aps| and size ¢!4v1=1. Consider a function f: [q]N — {0,1} defined
by f(z) =1 iff there exists M € C such that x 4,, € Tar. Then, the quantum query complexity of [ is at
least a constant times the learning graph complexity of C.

For example, for a boundedly-generated certificate structure C, one can define the corresponding sum
problem: Given z € [¢]V, detect whether there exists M € C such that Yjeay 2 = 0 (mod g). If
q > 2|C|, Theorem implies that the quantum query complexity of this problem is at least a constant
times the learning graph complexity of C.

In particular, by combining Theorem and Proposition [£.24], we obtain the following results:

Corollary 4.31. The quantum query complezity of the element distinctness problem from Defini-
tion [I18, provided that the size of the alphabet ¢ > N?, is O(N?/3).

Corollary 4.32. The quantum query complexity of the k-sum problem from Definition 18
O(NF/ (1)) provided that the size of the alphabet ¢ > N*.

The first of these corollaries reproves Corollary [3.10 using the adversary method. Note that we prove
this result directly, and not via the collision problem as it was done in Section 313l It is still an open
problem to reprove Theorem using the adversary method. The result in Corollary [4.32]is new, and it
resolves the conjecture posed by Childs and Eisenberg [46] that the algorithm in Theorem is tight
for the k-sum problem. Also, we have the following result:

Corollary 4.33. Provided that the size of the alphabet q > n3, the quantum query complexity of the
triangle-sum problem on n vertices is ©(n%/7).

Here, the triangle sum problem is defined in the obvious way. Finally, note that all these results su-
persede the certificate complexity barrier, Proposition B3Ti(b), hence, the constructed adversary matrices
use negative weights.

This whole section is devoted to proving Theorems and The results are strongly con-
nected: In the second one we prove a stronger statement from stronger premisses. As a consequence,
the proofs also have many common elements. In the proofs, we will define a number of matrices and
argue about their spectral properties. For convenience, we describe the main parameters of the matrices,
such as the labelling of their rows and columns, as well as their mutual relationships in one place, Sec-
tion 411 In Section fL4.2] we state the intermediate results important to both Theorems .27 and A30
In Section 43, we finish the proof of Theorem In Section B.44] we recall the definition and
main properties of the Fourier basis, and define the important notion of the Fourier bias. Finally, in
Section L4H we prove Theorem

4.4.1 Outline

Let us briefly outline how Theorems and are proven. Let C denote the certificate structure.
Let ag(M) satisty [@3)), and be such that ([£Jal) equals the learning graph complexity of C. We define
an explicit function f: D — {0,1} with D C [¢]" having the objective value ([@9a)) of program [E3)
as a lower bound on its quantum query complexity. The latter is proven using the adversary bound,
Theorem B.I8l For that, we define a number of matrices, as illustrated in Figure 1.7
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Figure 4.7: The relationships between matrices used in Section [L4l The parts marked in grey form the
matrix I' on the left, and I’ on the right. Note that they are not submatrices of [ and F’ respectively:
They have additional multiplicative factor as specified in (£20)) and (@2T]).

Matrix I' At first, we construct a matrix r satisfying the following properties. Firstly, it has rows
labelled by the elements of [q]Y x C, and columns labelled by the elements of [¢]Y. Thus, if we denote

C ={M,..., M}, the matrix I has the following form

r=1| [, (4.16)

where each Gy is an [g]V x [¢]¥-matrix. Next, |I| is at least the objective value (@da). And finally,

for each j € [N], there exists I such that T 29 T and ||| < 1. The matrix I' has a decomposition
into blocks G, similar to (ZI0).

Thus, [ has a good value of (B1). But, we cannot use it, because it is not an adversary matrix:
It uses all possible inputs as labels of both rows and columns. However, due to the specific way T is
constructed, we will be able to transform I into a true adversary matrix I" such that the value of [B.71)
is still good. Before we describe how we do it, let us outline the definition of the function f.

Defining the function Let M be an element of the certificate structure C. Let AS\?, e ,A%[(M)) be all
the inclusion-wise minimal elements of M. (In a boundedly-generated certificate structure, M has only

one inclusion-wise minimal element A,s.) For each Ag\i/f), we choose an orthogonal array Tﬁ) of length
|AS\Z)| over the alphabet [¢], and define

Xps = {1: € q)V |2, € T4 for alli € [E(M)]}. (4.17)

The orthogonal arrays are chosen so that X, is non-empty and satisfies the following orthogonality

property:
vS e 2™\ M Vze g : [{o € Xar | zs =z} = [ Xur|/q5. (4.18)

For boundedly-generated certificate structures, this property is satisfied automatically.
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The set of positive inputs is defined by f~*(1) = J,sec Xa- The set of negative inputs is defined by
100y _ N v (i) .
7 0) =1y elqd” | Yt ¢ T,/ forall M € Cand i € [((M)];. (4.19)

It is easy to see that f has C as its certificate structure. The parameters will be chosen so that | f~1(0)| =
Qq"N).

Remaining matrices Let us define X = {(z, M) € [¢q]" xC |2 € Xp;} and Y = f~1(0). The matrix

T'is an X x Y matrix defined by
| @V =

Thus, T consists of blocks Gy, like in @I0), where Gas = /¢ /[ X ] Gur[Xar, Y]. (The latter notation
stands for the submatrix formed by the specified rows and columns). We also show that ||T'|| is not much

smaller than ||T]).

The matrix I is obtained similarly from I'". Tt is clear that T+ I" implies I — I"". We show that
the norm of I is small by showing that ||I’|| = O(||II”||) where I is an X x [g]™-matrix with

L'(a, M), y] = \/EF'[{(%MMJ}

As I is a submatrix of I' and ||| < 1, we obtain that ||| = O(1) as required. We denote the blocks
of I" by G’;. That is,
N

Gy = ﬁ Gl Xar (] (4.21)

4.4.2 Common Parts of the Proofs

Let eg,...,eq—1 be an orthonormal basis of C? such that e = 1/,/g(1,...,1). Denote Ey = egej and
Ey =3, p¢eie;. These are ¢ x ¢ matrices. All entries of Ey are equal to 1/¢, and the entries of £, are
given by

71/‘17 x%y

For a subset S5 C [N], let Eg denote ),y Es;, where s; = 1if j € 5, and s; = 0 otherwise. These
matrices are orthogonal projectors:

Exle,y] = {1 ~la w=y; (4.22)

Eg, S=5
EsEg = 4.23
579 {0, otherwise. ( )
We define the matrices G from EI6) by
Gu =Y as(M)Es, (4.24)

SC[N]
where ag(M) are as in ([@3]).
Lemma 4.34. Iff and I" are defined as in Section[. 7.1, all X satisfy the orthogonality property (4.18)
and |Y| = Q(q¢V), then
T = Q( > a@(M)2>. (4.25)

MeC
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Proof. Recall that Gy = /¢ /[Xar|Gar[ X, Y], hence, by @2):
gV

Gv =] ——
M X

ag(M)ESN [Xar, Y] + Z as(M)Es[Xar, Y]

s;sm
Let us calculate the sum s(Gpy) of the entries of Gjps. In the first term, each entry of E(‘)@N equals ¢~ N.
There are | X /| rows and |Y| columns in the matrix, hence, the sum of the entries of the first term is

VIXul/ gV Y |ag(M

We claim that, in the second term, s (ag(M)Eg[Xar,Y]) = 0 for all S # 0. Indeed, if S € M, then
as(M) =0 by [@39d). Otherwise,

s X s
(B D = 5 3 Bsleasl =5 5 ¥ B ess) = S S Y B ] <o
yeY ze€X yeY xeX YyeY z€(q|®

(On the third step, the orthogonality condition ([AI8) is used. On the last step, we use that the sum of
the entries of every column of E?k is zero if k£ > 0.) Summing up,

s(Gan) = 1| 3 Vo)

We are now ready to estimate ||T'||. Define two unit vectors u € R* and v € RY by
ap(M) 1
and vfy] = —
VIXu o pree o (M)? VIY]
for all (x, M) € X and y € Y. Then,

IT|| > w*Tv = Zec (M)s(Car) \/|YNI > ap(M)? = Q< > oz@(M)2>. O

ul(z, M)] =

\/|XM| Y12 prec ao(M)? T rrec MecC

~ A, ~

In the remaining part of this section, we define the transformation I' — I" and state some of the

properties of I that will be used in the subsequent sections. Using (£.22]), we can define the action of A
on Ey and E; by

Ey A} Ey and F1 *A> —Eq.

We define I by applying this transformation to Ey and F; in the jth position in the tensor product
of (A24)). The result is again a matrix of the form (LIG]), but with each Gy replaced by

= Y Bs(M)Es, (4.26)

SC[N]

where B5(M) = as(M) — agugjy(M). In particular, Bs(M) =0if j € Sor S € M. Thus,

()T = 3 (@) G = > (D Bs(M)?)Es. (4.27)

MecC Se2lNl MeC

In particular, we obtain from (9H) that ||IV|| < 1.

4.4.3 Boundedly-Generated Certificate Structures

In this section, we finish the proof of Theorem 30l In the settings of the theorem, the orthogonal arrays

T]E/? in ([AI7) are already specified. Since each M € C has only one inclusion-wise minimal element Ay,
we drop all upper indices (¢) in this section.
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From the statement of the theorem, we have |X37| = ¢ 1, in particular, they are non-empty. Also,

X satisfy the orthogonality property [{I8]), and, by (£I9), we have

N
= U X 2 0¥ = S X = ¥ el > O (1.29
MecC MeC

Thus, the conditions of Lemma 34 are satisfied, and (28] holds.

Recall from Section LZT] that in order to estimate ||I”|| we consider the matrix I'V. The matrix I”
is a submatrix of I, hence, it suffices to estimate ||I'|. Let k = maxpec |An|- By Definition 28]
k=0(1).

Fix an arbitrary order of the elements in each Ay = {ar1,. .., a4, }, and let Ly, where M € C
and i € [k], be subsets of 2[NT satisfying the following properties:

e for each M, the set 2IN \M is the disjoint union Lpsq U--- U Lask;

o for each M and each i < |Ap|, all elements of Lys; omit ar,;

e for each M and each ¢ such that |Ap| < i < k, the set Ly, is empty.

Recall that, if S C [N] and (s;) is the corresponding characteristic vector, Es = @) ;¢(y) Es,;- The main
idea behind defining Ly ;s is as follows.

Claim 4.35. If S,S' € Ly, then

ES/q7 S:S/7

0, otherwise.

(Bs[Xar V] (Es [ X, [gN]) = {

Proof. If we strike out the aj;;th element in all elements of X,s, we obtain [¢]V =1 by the definition of
an orthogonal array. All elements of Ljys; omit aas;, hence, Eg has Ey in the apsth position for all
S € L. Thus, the apy ;th entries of x and y has no impact on the value of Eg[x,y].

Let (s;) and (s}) be the characteristic vectors of S and S’. Then,

Es[[XM,[q]N]]< X E)@%

jeN\{an,i}
(Here e} is on the aps;th element of [¢]V.) Similarly for S/, and the claim follows from [E23). O

For each M, decompose G, from (@28) into Dick] é’M’i, where

> Bs(M)Es

SE€Ln,i
Define similarly to Section [.4.1]
N N
M= L [[XMv Z ﬂS ES XM?[] ]]7

M,i
|XM| SELMz

and let IA“; be the matrix consisting of GE\M’ for all M € C, stacked one on another like in (£I6). Then,
I = Diclk] I'). We have

()T =3 (Gr)Cha= D > Bs(M)°Es,
MeC MeC SeL s
by Claim Similarly to [@2T), we get Hf;” < 1. By the triangle inequality, |[I'|| < k, hence,
IT’|l < & = O(1). Combining this with ([@25]), and using Theorem [BI8 we obtain the necessary lower
bound. This finishes the proof of Theorem
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4.4.4 Fourier Basis

In Section .4.2] we defined e; as an arbitrary orthonormal basis satisfying the requirement that ey has
all its entries equal to 1/,/g. In the next section, we will specify a concrete choice for e;. Its construction
is based on the Fourier basis we briefly review in this section.

Let p be a positive integer, and Z, be the cyclic group of order p, formed by the integers modulo p.
Consider the complex vector space C%». The vectors (Xa)acz,, defined by x,[b] = e27”“b/p/\/;57 form its
orthonormal basis. Note that the value of x,[b] is well-defined because e>™ = 1.

If U C Z,, then the Fourier bias [129] of U is defined by
2miau/p

U = : (4.29)

1
- max €
P |aez,\{0} =

It is a real number between 0 and |U|/p. In the next section, we will need the following result stating
the existence of sets with small Fourier bias and arbitrary density.

Theorem 4.36. For any real 0 < § < 1, it is possible to construct U C Z4 such that |U| ~ g,
|U|lu = O(polylog(q)/\/q) and q is arbitrary large. In particular, ||U|l, = o(1).

For instance, one may prove a random subset satisfies these properties with high probability [129]
Lemma 4.16]. There also exist explicit constructions [60].

4.4.5 General Certificate Structures

In this section, we finish the proof of Theorem There are two main reasons why it is not possible
to prove a general result like Theorem for arbitrary certificate structures.

One counterexample is provided by Proposition [£.23] and the discussion after Definition The
learning graph complexity of the hidden shift certificate structure is ©@(N'/3), but the quantum query
complexity of the hidden shift problem is O(log N). The proof of Section 43| cannot be applied here,
because k in the decomposition of 69\4 into Zie[k] é’MZ would not be bounded by a constant. We solve
this by considering much “thicker” orthogonal arrays T&).

Next, the orthogonality property (£IJ]) is not satisfied automatically for general certificate structures.
For instance, assume AS\}I) ={1,2}, AS@) = {2, 3}, and the orthogonal arrays are given by the conditions
r1 = x9 and xy = x3, respectively. Then, for any input x satisfying both conditions, we have x; = z3,
and the orthogonality condition fails for S = {1, 3}.

The problem in the last example is that the orthogonal arrays are not independent because AS&I) and
Ag\? intersect. We cannot avoid that AS\Z/[)S intersect, but we still can have TJ(\f[)s independent by defining
them on independent parts of the input alphabet.

More formally, let £ = maxprec (M), where ¢(M) is defined in Section B4l as the number of
inclusion-wise minimal elements of M. We define the input alphabet as Z = Zf) for some p to be defined
later. Hence, the size of the alphabet is ¢ = p’.

Let Q(X} be an orthogonal array of length |A§\l4)| over the alphabet Z,. We will specify a concrete
choice in a moment. From QS\Z), we define Tﬁ}) in (£I1) by requiring that the ith components of the
elements in the sequence satisfy QS\Z}. The sets X are defined as in ([I7). We additionally define

X}}):{xezﬁmw eQ(X}},
for i < ¢(M), and XJ(\? = Z}} otherwise. Note that X; = Hle X](\? in the sense that, for each sequence
) 0
: z; ST).
Now we make our choice for Qs\ff) Let U C Z,, be a set with small Fourier bias and some ¢ = |U|/p

. (i)
that exists due to Theorem We define QS&) as consisting of all z € Z;‘M such that the sum of the
elements of = belongs to U. With this definition,

PAONS Xl(\fl) with i =1,...,¢, there is a corresponding element x € Xs with z; = (

P

X = 6p". (4.30)
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Hence, there are exactly d¢" elements 2 € ZV such that z ,) € Tﬁ}). Ifwelet § = 1/(2¢|C|), a calculation
M
similar to ([E28) shows that |Y| > ¢V /2. Also, by considering each i € [¢] independently, it is easy to see
that all X, satisfy the orthogonality condition. Thus, Lemma [£34] applies, and (23] holds.
Now it remains to estimate ||I”||, and it is done by considering matrix I'" as described in Section E.4.1]

and performed once in Section E4.3l If I” = 0, then also IV = 0, and we are done. Thus, we further
assume I # 0. Recall that (Xq)aez, denotes the Fourier basis of Z,. The basis e is defined as the

Fourier basis of CZ. Tt consists of the elements of the form e, = ®f:1 Xat where a = (a(V) € Z. Note
that ey has the required value, where 0 is interpreted as the neutral element of Z.

Ifv=(vy) = (Uj(-i)) € ZN, we define e, = ®§V:1 e, and v € 7Y as (v%i),..wvg)). Also, for
w = (w;) € Z), we define y,, = ®;V:1 Xuw, -

Fix an arbitrary M € C. Let By = (G),)* G}, and By = (@Qw)*@ﬁw We aim to show that
| By — Bul| = 0 as p— oo, (4.31)

because this implies

H(f/)*f/ _ (f/)*f/” - H Z (EM — EM)H < Z HEM — B\MH -0
MeC MeC

as p — o0o. As ||I”|| > 0, this implies that ||I”]| < 2||I”|| for p large enough, and together with #25) and
Theorem B.18| this implies Theorem _

From ({26]), we conclude that the eigenbasis of Bjs consists of the vectors e,, with v € ZN | defined
above. In order to understand B M better, we have to understand how e, [X /] behave. We have

L

(eo[Xar]) (ew [Xar]) = [T Ot [X57 D) twrio [X57D).- (4.32)
=1

Hence, it suffices to understand the behaviour of x,, [X](\Z)]]. For w € Zév, A C [N] and ¢ € Zj,, we write
w + cA for the sequence w’ € Zév defined by

W — W +c, j S A;
J wj, otherwise.

In this case, we say that w and w’ are obtained from each other by a shift on A.

Claim 4.37. Assume w,w' € Z), and let { = (Xw[[X](\?]])*(Xw/[[X](\?]]), If w =1, then £ = 6. If
w # w', but w can be obtained from w' by a shift on Ag\?, then €] < ||U||lu. Finally, if w cannot be
obtained from w' by a shift on As\l/[), then & = 0.

Proof. Arbitrary enumerate the elements of U = {uy,...,u, } where m = ép. Denote, for the sake of
brevity, A = AS\Z). Consider the decomposition X](\}) =7, Xk, where

X = {wGZéV | Zjeij :uk}

Fix an arbitrary element a € A and denote w = w — w, A and @ = w' — w,A. In both of them,
w, = w,, =0, and by an argument similar to Claim .35 we get that

1 o — .
0, otherwise.

(X [Xk])" (xar [Xk]) = {
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If x € X}, then

Xw[z] = H X, [%;] = \ﬁ exp {27“ Z wm}

j=1
1 2mi N 27 wau
= exp[ (Z W;ix; +wa2xj)} :exp(#k)x@[[x]].
v p Jj=1 JjEA p

Hence,

XD e [X57D) = S XD * (ar [X]) = 3 €27 e wedun/p (o [X])* (xar [X]). (4.34)
k=1 k=1

If w’ cannot be obtained from w by a shift on A, then @w # @' and {£34) equals zero by (£33).

w = w’, then [{34) equals m/p = §. Finally, if w’ can be obtained from w by a shift on A but w # w’,

then @w = @' and w, # w),. By @33) and (£29), we get that [@34]) does not exceed ||U||, in absolute
O

value.
Let v € ZN, and S = {j € [N] | v; # 0}. Let o' € ZV, and define S’ similarly. By (@2, (£28)),
E30) and [#32)), we have

o~ N / / ¢ .
et Baren = 1 Bsﬂz‘;ff O (el v xar]) = DI OD T 0D (o IXGD).
=1

(4.35)

By this and Claim [£37, we have that
e’ By, = Bs(M)? = X Bye,. (4.36)

Call v and v equivalent, if Bs(M) and Bg/(M) are both non-zero and, for each i € [¢], v® can be
obtained from v'(Y) by a shift on Ag\i}. By (£33 and Claim 37 we have that e;'jéMev/ is non-zero only
if v and v’ are equivalent.

For each i € [¢], there are at most |A§\Z4)| < N shifts of v on Ag\i/l) that have an element with an index
in Ag\i/[) equal to 0. By (€39d), the latter is a necessary condition for Sg(M) being non-zero. Hence, for
each v € ZV, there are at most N* elements of Z N equivalent to it.

Thus, in the basis of e,s, the matrix B m has the following properties. By (IIBEI) its diagonal entries
equal the diagonal entries of BM, and the latter matrix is diagonal. Next, BM is block-diagonal with
the blocks of size at most N¢. By (&35) and Claim E37 the off-diagonal elements satisfy

lex B Mey| < ”U”u

Bs(M)Bs: (M),
because HU||u < §. Since the values of Bg(M) do not depend on p, and by Theorem [£36] the off-diagonal

elements of B M _tend to zero as p tends to infinity. Since the sizes of the blocks also do not depend on
p, the norm of By, — By also tends to 0, as required in (43T]). This finishes the proof of Theorem [4.27]

4.5 Summary

In this chapter, we introduced the notion of the certificate structure of a function, and analysed the
complexity of quantum query algorithms that are based only on the certificate structure of the problem.
We developed the computational model of learning graphs that tightly characterise this complexity: For
any function with a fixed certificate structure, the corresponding learning graph can be converted into a
quantum query algorithm, and some of the functions require this number of queries.
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For symmetric functions, we developed an intuitive approach for the construction of learning graphs.
The task of loading the certificate is divided into a number of stages, and for each stage we calculate two
parameters: its length and speciality. The total complexity of the learning graph is a simple function of
these quantities. The analysis of the constructed learning graph requires just simple combinatorial tools.
The main intuition is the following “hiding technique”: the variables of the certificate are hidden among
the previously loaded dummy variables that mimic the structure of the certificate. The more dummy
variables are loaded, the smaller is the complexity of loading the certificate, but the loading of dummy
variables also requires resources. At the equilibrium point, the optimum is attained.

With the help of this approach, we constructed quantum query algorithms for the triangle and
the associativity testing problems. Additionally, we proved tight lower bounds on the quantum query
complexity of the k-sum and triangle-sum problems. The analysis is also purely combinatorial, although,
more involved than the analysis of the corresponding upper bounds.

Of course, there are more possible applications out there. We will only mention the problem of char-
acterising the learning graph complexity of the subgraph detection problem. So far, we have succeeded
with the case of the triangle, and Ref. [85] mentions some upper bounds.

The main limitation of the results in this chapter stems from the same source as their handiness:
They are bounded to certificate structures. It is a smaller problem for the upper bounds, and, indeed, we
will consider some algorithms beyond the certificate structure framework in the next chapter. Because
of this, we postpone further discussion of quantum query algorithms based on the dual adversary SDP
till Section

For the lower bounds, this is a more important issue. The technique of switching to [¢]V x [q]"V
matrices relies heavily on the fact that the set of negative inputs is close to [¢]"V, and that the set of
positive inputs can be obtained by small alternations. Thus, we require the assumptions of Theorems [£.27]
and In particular, this approach fails immediately for the collision problem.

Another issue is the size of the alphabet. Some lower bound on the size of the alphabet is required, as
it can be seen from the element distinctness problem with ¢ < N, but we expect that our requirements
can be lowered. For instance, we require ¢ > N? for the element distinctness problem, but we know [J]
that the true bound is ¢ > N.

Solving these problems would require different and more complicated techniques. We are especially
interested in constructing adversary lower bounds for the collision, the set equality and the k-distinctness
problems.



Chapter 5

Further Applications of Learning
Graphs

In the previous chapter, we introduced the model of a learning graph. A learning graph can be converted
into a dual adversary SDP that can be further transformed into a quantum query algorithm. The learning
graph approach is nice because, on the one hand, it distances away from the internal organisation of
the algorithm: Once the matrices X; satisfy constraints ([3.14]), Theorem will do all the remaining
work for us. On the other hand, the graph structure of the learning graph still appeals to the intuition
of solving a query problem.

So far, we only saw the applications within the framework of certificate structures. But, for many
functions, their quantum query complexity is smaller than the complexity of their certificate structures.
In this chapter, we show how the ideas from the previous chapter can help in constructing quantum
query algorithms for such functions. We still use the term “learning graph” to describe algorithms in
this chapter, although, they do not satisfy the definition in Section

This chapter is based on the following paper:

[21] A. Belovs. Learning-graph-based quantum algorithm for k-distinctness. In Proc. of 53rd IEEE
FOCS, pages 207-216, 2012, 1205.1534.

The main result of this chapter is a new quantum query algorithm for the k-distinctness problem.
We describe it in Sections 5.3 and 5.4l Before that, we give two warm-up examples of algorithms for the
promise threshold function in Section 5.l and the graph collision problem in Section

5.1 Threshold Problem

In this section, we construct a learning-graph-based quantum query algorithm for the promise threshold
function. This is a partial function f: {0,1} D D — {0,1} defined by

0, |z <k
1) = {1, 2| > & + d;

where |z| stands for the Hamming weight of z (the number of ones), and k and d are some positive integers
less than N. For simplicity, we assume that d = O(k), although it is not crucial for the algorithm.

Proposition 5.1. The quantum query complexity of the promise threshold function is O(V Nk/d) if
d=0O(k).

For the case of d = 1, we obtain the same complexity as in Corollary The case of larger d is
also well-known: this estimate can be obtained using quantum counting [38].

The function has the (k + 1)-subset certificate structure. Thus, a learning graph, as defined in
Section 42 cannot get the complexity claimed in Proposition[5.dl Thus, we have to change the definition

104
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of the learning graph G. We assume that the weight w, of an arc e may depend on the input. More
precisely, if e goes from S to SU{j}, and z is the input string, then the weight of the arc may depend on
the values of the variables in S: w,(z) = we(zg). The flow is defined in the same way as in Definition
The negative and the positive complexities of G on a particular input are defined by

B . pe(m)z
N@y)=) we(y) and  PGa)=) Tk

where y € f71(0) and z € f~1(1). The negative, the positive and the total complexities are

N(G)= max N(G,v), P(G)= max P(G,x), and T(G) = max{N(G),P(G)}.

yef~*(0) zef~1(1)

It is not hard to check that both proofs of Theorem 1Tl can be adopted to include this definition of the
learning graph. We leave out the details. This model of learning graphs is called adaptive learning graph
in [22].

Proof of Proposition[51l The vertices of the learning graph G are formed by the subsets of [N] of sizes
at most k£ + 1, and we have all possible arcs between them. Let e be an arc from S to S U {j} where
|S| <k and j ¢ S. Define the weight w.(z) as follows. If z; = 0 for at least one j € S, define w.(z) = 0.
Otherwise, w.(z) = w|g| only depends on the size of S. We say that the arc e is on the |S|th step. For a
positive input z € f~1(1), if S is such that |S| =k + 1 and x; = 1 for all j € S, then S is marked.

The negative complexity of the learning graph is maximised when |y| = k, and

k k
NG =Y (5) v =i < N () (5.1)

The positive complexity is maximised when |z| = k + d. For each vertex S of the learning graph, we
distribute the flow uniformly to all arcs loading an element equal to 1. Thus, on the ith step, there are
(k;rd) (k + d — i) arcs used by the flow, and the flow is equal among all these arcs. Thus, the positive
complexity is

P(G) = zk: Kk JZF d) (k+d- i)wz} B : (5.2)

=0

—1/2
= [O)(E Yra ]
i i
so that the ith term in the sums from (&) and (&.2) is

\/(f) [(kjd)(“ - ")} - \/(k k!i)!i! G fc;;!?k_&m B

_ kit (k—itd-1) 1 <k+d—i—1>dzl
: (k+1)---(k+d) SVErI\ k+d '

Thus, the complexity of the learning graph is at most

The optimal choice of w; is

d—1

N < (k+d—i—1\"7 _VN(k+d) (" a2 2/N(k+d) _ (VN
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5.2 Graph Collision

In this section, we describe a learning-graph-based algorithm for the graph collision problem with an
additional promise. It is a learning graph version of the algorithm by Andris Ambainis (personal com-
munication).

Recall the graph collision problem from Definition [[LI§ The problem is parametrised by a simple
graph G on N vertices. The input string consists of N Boolean variables: one for each vertex of the
graph. The function evaluates to 1 if there exists an edge of G with both endpoints marked by value 1,
and to 0 otherwise.

The O(N?/3) query algorithm we saw in Corollary 231 is the best known quantum algorithm for a
general graph G. For specific classes of graphs, however, one can do better. For instance, if G is the
complete graph, graph collision is equivalent to the 2-threshold problem that can be solved in O(\/N )
queries by Proposition 5.l The algorithm in this section may be interpreted as an interpolation between
this trivial special case and the general case.

Recall that the independence number «(G) of a simple graph G is the maximal cardinality of a subset
of vertices of G such that no two of them are connected by an edge.

Theorem 5.2. Graph collision on an N -vertex graph G can be solved in O(\/Nal/G) quantum queries,
where o = a(QG) is the independence number of G.

Note that if G is a complete graph, a(G) = 1, and we get the previously mentioned O(v/N)-algorithm
for this trivial case. In the general case, a(G) = O(N), and the complexity of the algorithm is O(N?/3)
that coincides with the complexity of the algorithm in Corollary 2311

Jeffery et al. [70] have built a quantum algorithm solving graph collision on G in O(v/N ++/m) queries
if G misses m edges to be a complete graph. This algorithm is incomparable to the one in Theorem
for some graphs the algorithm from Theorem performs better, for some graphs, vice versa.

Proof of Theorem[52.3. Let f be the graph collision function specified by the graph G. At first, we
distinguish the case when the number of ones in the input is at most a, and when it is at least 2a. By
Proposition 5.1l the complexity of this step is less than O(\/N ). Inputs of Hamming weight between «
and 2« may fall in both categories.

If we know that the number of ones is greater than «, we may claim that a graph collision exists.
Otherwise, we may assume the number of ones is at most 2a. In this case, we execute the following
learning graph G.

The learning graph is essentially the one for the 2-subset certificate structure from Table [£Il The
certificate for a positive input x is a pair M = {a,b} of vertices such that ab is an edge of G and
zq = xp = 1. (For notational convenience, we switched notation from aq,as to a,b.)

We would like to use the fact that the Hamming weight of the input string is small. As the certificate
is given by the elements with value 1, one possibility is to use an adaptive learning graph as it is done in
the proof of Proposition[5.1l This works if we know the exact number of ones in the input. Unfortunately,
the analysis of the proof of Proposition Bl reveals that the number of arcs of the learning graph (and,
hence, the negative complexity) depends heavily on the Hamming weight of the input. This excludes the
possibility of an universal adaptive learning graph that would work for all possible Hamming weights of
the input. In principle, it is possible to estimate the number of ones using the quantum counting [38] or
Proposition 5] prior executing the learning graph. But this feels like an artificial solution, and is not
readily applicable for the k-distinctness problem that we aim for.

Instead of that, we use all possible subsets of [N] as vertices of the learning graph, regardless the
content, but use an analogue of Corollary 21§ to reduce the complexity. For that, we utilise an idea due
to Robin Kothari (personal communication). We make the weight of an arc dependent (although, in a
restricted form) on the value of the variable being loaded.

We do not reduce to any result like Theorems F.I8 or ELTT], but construct the matrices X; from (B.14)
directly. However, our construction is similar to the second proof of Theorem We also use the
randomised procedure language from Section 2.3
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Let = be a positive input, and M = {a,b} be a 1-certificate. The key vertices of the learning graph
are V1 UVa, where V7 and Vs consist of all subsets of [N] of sizes r and r+ 1, respectively, where r = o(N)
is some parameter specified later.

A vertex in Vi completely specifies the internal randomness of the loading procedure. For each
R € Vi, we fix an arbitrary order of its elements: R = {¢1,...,t.}. We say that the choice of randomness
R € Vi is consistent with z if {a,b} N R = (). For each z € f~!(1), there are exactly (NT_Q) choices of
R € V; consistent with it. We take each of them with probability p = (N;2 -

For a fixed input = and fixed randomness R = {t1,...,¢.} € V} consistent with z, the elements are
loaded in the following order:

t17...,tr,tr+1 = a,tr+2 =b. (53)

The non-key vertices of G are of the form v = ({¢1,...,t¢}, R), where 0 < ¢ < r, R € V;, and ¢; are
as in (53). Recall that the first element of the pair is the set of loaded elements, and the second one is
an additional label used to distinguish vertices with the same set of loaded elements.

An arc of the learning graph is a process of loading one variable. We denote an arc by A7. Here, j
is the variable being loaded, and v is the vertex of G the arc originates in. The arcs are as follows. The
arcs of the stage I have v = ({t1,...,t¢}, R) and j = ty41 with 0 < £ < r. The arcs of stages I.1 and
I1.2 have v = S, with S € V; and S € V4, respectively, and j ¢ S.

For a fixed € f~1(1), and fixed internal randomness R € V; consistent with x, the following arcs

are taken:
AlttentebB) g0 < g < T, AR and Afu{a}. (5.4)

tot1 a
We say that x satisfies an arc if the arc is taken for some R € V; consistent with z. Note also, that, for
a fixed positive input, no arc is taken for two different choices of the randomness.
Like in the second proof of Theorem [4.11] for each arc A%, we assign a semi-definite matrix X7 = 0.
Then, X; in (3.14) are given by X; = 3 X7 with the sum over all vertices. Fix A}, and let S be the
set of loaded elements in v. Define X7 = Y,, where the sum is over all assignments o on S. The

matrix Y, is defined as p(1y* + ¢¢*), where, for each z € {0,1},

flz) =1, z; =1, flz) =1, 2 =0,
1/ /wr, z satisfies a and the arc AY; 1/y/wo, z satisfies a and the arc AY;
Ylz] = f(2)=0,2;=0, and  ¢[z] = f(z) =0,z =1,

VWi,

0, otherwise; 0, otherwise.

and z satisfies q; and z satisfies «;

Here wy and wy are parameters (the weights of the arcs) specified later. They depend only on the stage
the arc belongs to. In other words, X7 consists of the blocks of the following form:

CCj:l .Z'j:O yjzl ijO
zj =11 p/us 0 0 P
z; =0 0 p/wo D 0 (5.5)
y; =1 0 p pwg 0
yj = P 0 0 pw1

Here each of the 16 elements corresponds to a block in Y, with all entries equal to this element. The first
and the second columns represent the elements from f~1(1) that satisfy o and A;?, and such that their
jth element equals 1 and 0, respectively. Similarly, the third and the fourth columns represent elements
from f~1(0) that satisfy  and such that their jth element equals 1 and 0, respectively.

Feasibility Assume x € f~!(1) and y € f~1(0) are some fixed inputs. Let R € V; be a choice of the
internal randomness consistent with x. Let Z; be the matrix corresponding to the arc loading j that is
taken for this choice of R. That is, Z; is the matrix in (5.4) with sub-index j if j € RU{a, b}, or Z; =0,
otherwise. We are going to prove that

> Zizyl =p. (5.6)

J: x5 7Y;
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Since there are (NT_Q) = 1/p choices of R consistent with x, and no arc is taken for two different choices
of the randomness, this proves the feasibility condition (3.140).

Consider the order (5.3) in which the elements are loaded for this particular choice of x and R. Before
any element is loaded, both inputs agree (they satisfy the same assignment a: ) — {0,1}). After all
the elements are loaded, x and y disagree, because it is not possible that y, = z, and y, = z,. With
each element loaded, the assignments become more and more specific. This means that there exists an
element j = ¢; such that x and y agree before loading j, but disagree afterwards. In particular, z; # y;.
By construction, this j contributes p to the sum in (5.6). All other j contribute 0 to the sum. Indeed, if
j' =ty with i/ <4 then x; = y;7, hence, j’ contributes 0. For j' = t;; with ¢’ > ¢, x and y disagree on
{t1,...,ty_1}, hence, Z; [z, y] = 0 by construction.

Complexity Similarly to Section EE2.3] let us define the complexity of stage i on input z € {0, 1}V as
ZjE[N] X[z, 2], where X[ = 3" X? with the sum over v such that A? belongs to stage i. Also, define

the complexity of stage i as the maximum complexity over all inputs z € {0,1}". Clearly, the objective
value ([B.I4al) of the whole program is at most the sum of the complexities of all the stages.

Let us start with stages I1.1 and 1.2[ For any z € f~1(1), on each of stages II.1 and I1.2, there
are (V%) arcs satisfying z. These are the arcs AZ and Afu{a}, respectively, for all choices of R € V;
consistent with z. By (B3]), each of them contributes p/w; to the complexity of x on the corresponding
stage. Thus, the complexity of  on each of the stages is (N;Q)p/wl = 1/w;. Since we are guaranteed
that ; =1 in notations from (G.0]), we may set wg = 0.

The total number of arcs on stages II.1 and I1.2 are (N — r) (N

T) and (N —r — 1)(T111), respectively.
Each of them contributes at most pw; to the complexity of any y € f~1(0). Hence, the complexities of
stages II.1 and I1.2 on y are at most (N —r) (Ij)pwl = O(Nwy) and (N —r— 1)(Tlil)pw1 = O(N?wy /r),
respectively. If we set wy = 1/\/N on stage II.1 and wy; = /7 /N on stage I1.2, the complexities of these
stages become O(v/N) and O(N/+/r), respectively.

Consider stage I now. Let k& < 2a be the number of variables with value 1 in the input (z or y). The
total number of arcs on this stage is r(];] ) Out of them, exactly k;(]:f:ll) load a variable with value 1.

Thus, for y, the complexity of stage I is at most

N N -1 ar
qr(r>wo+qk(r_1)w1O(rw0+Nw1>.

Similarly, for x € f~1(1), the complexity of stage I is O(r/w; + ar/(Nwy)). If we set wg = y/a/N and
w1 = \/N/a, then the complexity of stage I becomes O(ry/a/N). The total complexity of the learning

graph is
0 (m [& ﬁ) - 0 (VNalt),

if r = Na—1/3. O

5.3 k-Distinctness: First Attempt

In this section, we develop a quantum query algorithm for the k-distinctness problem from Definition [[.16}
As usually, we assume k = O(1), and consider the complexity as N — oo. In particular, the factors
behind the Big-Oh notation are functions of k. The best previously known algorithm, described in
Corollary [Z3T], uses O(N k/ (k‘H)) quantum queries. As element distinctness reduces to k-distinctness
by repeating each element k — 1 times, the lower bound of Q(N?/3) from Corollary B.I0 carries over to
k-distinctness (this argument is attributed to Aaronson in [I0]). This simple lower bound is the best
known so far. In the remaining part of this chapter, we prove the following

IFor stages II.1 and IL.2, the hiding intuition from Section FE2Z.3] works. For stage II.1, the length is 1, and the speciality
is O(N). For stage I1.2, the length is 1, and the speciality is O(N?/r). Hence, the complexities are O(v/N) and O(N/+/r),
respectively.
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I.1 Load a set S of r; elements not from M.

1.2 Load a set Sy of ry elements not from M, uncovering only those elements that have
a match in S.

1.3 Load a set S3 of r3 elements not from M, uncovering only those elements that have
a match among the uncovered elements of Ss.

I.(k—1) Load a set Sk_1 of rg_1 elements not from M, uncovering only those elements that
have a match among uncovered elements of Si_s.
II.1 Load a; and add it to S;.

II.(k — 1) Load ag—_; and add it to Sg_;.
II.Lk Load ay.

Table 5.1: Learning graph for the k-distinctness problem.

Theorem 5.3. For arbitrary but fixed integer k > 2, the k-distinctness problem can be solved by a
quantum algorithm in O (Nl_zkfz/@k_l)) queries.

Note that O (N1_2k72/(2k_1)) = o(N3/*). Thus, our algorithm solves the k-distinctness problem in
asymptotically fewer queries than the best previously known algorithm spends on 3-distinctness. Let
throughout Sections 5.3 and 5.4 f: [¢]N — {0, 1} be the k-distinctness function.

Similarly to the analysis in [I0], we may assume that there is a unique k-tuple of equal elements
in any positive input. One of the simplest reductions to this special case is to take a sequence T; of
uniformly random subsets of [N] of sizes (2k/(2k + 1))*N, and to run the algorithm, for each 4, with the
input variables outside T; removed. One can prove that if there are k equal elements in the input, then
there exists ¢ such that, with probability at least 1/2, T; will contain unique k-tuple of equal elements.
The complexities of the executions of the algorithm for various ¢ form a geometric series, and their sum
is equal to the complexity of the algorithm for i = 0 up to a constant factor. See [I0] for more detail
and alternative reductions.

Let x be a positive input, and M = {aq,...,ax} be the k-tuple of equal elements. At a very high
level, our learning graph is similar to the one in Table LTl We hide elements a1, ...,ax_1 in S during
the loading of ax. And, as in Section [5.2] we use a bias between the values of variables to load more of
them for the same cost.

The bias comes from the following observation. Let us divide the set S into k subsets: S =57 1---U
Sk—1, where U denotes disjoint union. Set S; has size r; = o(N). We use S; to hide a; when loading ay.
Consider the situation before loading aj. If an element j € Sy is such that x; # z; for all t € S}, then
this element cannot be a part of the certificate (i.e., it cannot be ag), and its precise value is irrelevant.
In this case, we say that j has no match in S, and represent j by a special symbol x. Otherwise, we
uncover the element, i.e., load its precise value. Similarly, when loading S; with i > 2, we only uncover
those elements that have a match among the uncovered elements of S;_1. All of this is summarised in
Table B.11

In this section, we start the description of the learning graph, but it has a flaw that we describe in
Section £.3.31 We fix the flaw in Section .4l

5.3.1 Construction

Again, we construct the matrices X, in (BI4) directly. The construction deviates from the graph
representation: a bit in Section 5.3 and quite strongly in Section 5.4l Nevertheless, we keep the term
“vertex” for an entity describing some knowledge of the values of the input variables, and the term “arc”
for a process of loading a value of a variable (possibly, only partially). Each arc originates in a vertex,
but we do not specify where it goes. Inspired by Section 23] the vertices are divided into key vertices
denoted by the set of loaded variables S with additional structure. The non-key vertices are denoted by
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(S, R) where S is the set of loaded variables, and R is an additional label used to distinguish vertices
with the same S. Also, we use the “internal randomness” term. At first, we describe the learning graph
in the terms of vertices and arcs, and then explain how they are converted into the matrices X;.

The key vertices of the learning graph are V; U- - - UVj, where Vj, for s € [k], consists of (k— 1)-tuples
S = (51,...,Sk-1) of pairwise disjoint subsets of [N]. For Vi, we require that |S;| = r; + 1 for i < s,
and |S;| = r; for i > s. Here, r1,...,rg_1 are some constants specified later. Denote also r = Zz ;.

A vertex R = (Ry,...,R;—1) € V1 completely specifies the internal randomness. We assume that,
for any R € V4, an arbitrary order t1,...,t, of the elements in | JR = Ry U---U Ry_1 is fixed so that all
the elements of R; precede all the elements of R;;; for all i < k — 2. We say that R € V; is consistent
with the input z iff {ay,...,ax} N (UR) = 0.

For each x € f~1(1), there are exactly (
notation

N—Ek
T15eTk—1

n - n n—b1 n—bl—---—bi_l
bi,....bi)  \b by b; '
1

We take each of them with probability p = (n N ;ﬁil)i

R € V; consistent with x, the elements are loaded in the following order:

) choices of R € V; consistent with . Recall the

For a fixed input = and fixed randomness

t1,to, . sty tep1r = a1, b2 = Ao, g = Ak (5.7)

We use a convention to name the vertices and the arcs of the learning graph similar to the proof
of Theorem The non-key vertices of G are of the form v = (RN {t1,...,t}, R), where R € V7,
0<¢<r,and {t;} are as in (51). Here we use notation RNT = (RiNT,...,R,_1 NT).

Let us describe the arcs AY of G, where j is the variable being loaded and v is the vertex it originates
in. Arcs of stages I.s have v = (RN {t1,...,ts}, R) and j = tp41 with 0 < £ < 7. The arc belongs to
stage Ls iff tg11 € R,. The arcs of stage II.s have v = S, with S € V;, and 5 ¢ |J S.

For a fixed z € f7!(1) and fixed internal randomness R € Vi consistent with z, the following arcs

are taken:
At for 0 < f < and Ao with 0 < 0 < k. (5.8)

toya

Here
R[ahag, .. ,az] = (R1 @] {al},RQ @] {ag} ...,RyU {ag},Rerl, .. .7Rk,1).

We say that = satisfies all these arcs. Note that, for a fixed z, no arc is taken for two different choices
of R.

Again, for each arc AY, we assign a matrix X7 = 0, so that X; in (3.14) are given by X; = > X7.
Assume A;-’ is fixed. Let S = (S1...,Sk—1) be the corresponding set of loaded elements. Define an
assignment on S as a function a:: |JS — [g] U {*}, where x represents the covered elements of stages I.s.
We have that x ¢ a(S;) and a(Siy1) C a(S;) U {x} for 1 <i < k —2. An input 2 € [¢]V satisfies the
assignment « iff, for each t € |J S,

alt) = zt, t€S;orteS; fori>1and 2 € a(Si—1);
*, otherwise.

Each input z satisfies a unique assignment on S. For a fixed input z, we say that an element j € |JS is
covered in S if a(j) = x, where « is the unique assignment z satisfies on S. (Sometimes we say that z;
is covered to indicate the input.) Otherwise, the element is uncovered. We also say that inputs = and y
agree on S, if they satisfy the same assignment on S.

We define X as Yo Yo where the sum is over all assignments a on S. The definition of Y;, depends
on whether A;-’ is on stage I.s with s > 1, or not. If A;-’ is not on one of these stages, then Y, = pyy*
N

where, for each z € [¢]",

1/vw, f(z) =1, and z satisfies o and the arc AY;
Y] = ¢ Vw, f(z) =0, and z satisfies «;
0, otherwise.
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Here w is a positive real number: the weight of the arc. It only depends on the stage of the arc, and will
be specified later. Thus, X7 consists of the blocks of the following form:

r oy
x| p/w p (5.9)
y| p  pw

Here x € f~1(1) and y € f~1(0) represent inputs satisfying some assignment a. The inputs represented
by z have to satisfy the arc A7 as well.

If A7 is on stage L.s with s > 1, the elements having a match in S;_1 and the ones that don’t must
be treated differently. In this case, Y, = p(¢¥¢* + ¢¢*), where

f(Z) =1, Zj ¢ O‘(SS—l)v

z :15’2'6@58— ) 1/\/11.)0, 3 v.
1/, gr(Ld)z satisijzies a(andlz)ﬁlp' and z satisfies a and A7;
J7
Vel = Jwr, f(2) =0, and z satisfies «; ¢l-] = Jwo f(z) = 0’.Zj € a(Ss-1),
. ’ and z satisfies «;
0, otherwise;

0, otherwise.

Here wy and w; are again parameters to be specified later. In other words, X7 consists of the blocks of
the following form:

zj € a(Ss—1) @ & (Ss—1) | y; € u(Ss—1) y; ¢ (Ss-1)
zj € a(Ss-1) p/ws 0 p p
zj & a(Ss—1) 0 p/wg D 0 (5.10)
yj € a(Ss—1) D D p(wo + w1) pwy
yj ¢ a(Ss-1) P 0 pwi pwi

Here = and y are like in (B9). This is a generalisation of the construction from Theorem Note that
if z; and y; are both represented by % in the assignments on (Si,...,S—1,5s U {j},Sst+1,---,k-1),
then they satisfy X7 [z,y] = 0.

5.3.2 Complexity

Let us estimate the complexity of the learning graph. We use the notion of the complexity of a stage
from the proof of Theorem

Let us start with stage I.1. We set w = 1 for all arcs on this stage. There are ry (T arcs

17---77’1@71)

on this stage, and, by (5.9), each of them contributes at most p to the complexity of each z € {0,1}%.
Hence, the complexity of stage I.1 is O (prl( N )) = O(ry).

T1yeesThk—1
Now consider stage ILs for s € [k]B The total number of arcs on the stage is (N — r — s +
DI TSJL v re_y)- By B3, each of them contributes pw to the complexity of each y € f~1(0).
Out of these arcs, for any x € f~1(1), exactly (7"1 N:iil) satisfy . And each of them contributes p/w

to the complexity of x. Thus, the complexities of stage ILs for any input in f~1(0) and f~1(1) are

N N3w
N —r— 1 =0(——
( " S )<7’1+1,...77’S1+1,7’S,...,7’k1>pw <7"1"'7’51)7

N -k p 1
ooy Tl ) w W

respectively. By setting w = (N*%/(ry - 'rs_l))_l/z, we get complexity O ( Ns/(ry--- 7’5_1)) of stage

and

II.s. The maximal complexity is attained for stage II.k.

2 The complexities of stages I.1 and II.s can be explained by a similar argument like in Section E-23l For stage 1.1, the
length is 71, and the speciality is O(1). For stage ILs, the length is 1, but the speciality is O(N®/(r1---rs—1)), because
there are s marked elements involved, but a;, for i < s, is hidden in S; of size r;.
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Now let us calculate the complexity of stage I.s for s > 1. The total number of arcs on this stage is

Ts (Tlu»-zﬂk—l)' Consider an input z € [¢]V, and a choice of the internal randomness R = (Ry, ..., Ri_1) €

V7. An element j is uncovered on stage I.s for this choice of R if and only if there is an s-tuple (by, ..., bs)
of elements such that j = b, b; € R; and 2, = 2, for all 4, j € [s]. By our assumption on the uniqueness
of a k-tuple of equal elements in a positive input, the total number of such s-tuples is O(N). And,
for each of them, there are ( 1 N—s ) choices of R € Vj such that b; € R; for all i € [s].

r1—1,.rs—1,rs 41,0, Th—1

By (5.I0), the complexities of this stage for an input in f~1(0) and in f~1(1) are, respectively, at most

N —s N TL T
O(N ) :0( ) )
p{ ( )(7“1—1,...,7“5—1,rs+1,...,rk_1>w0+r <r1,...,rk_1>w1} Ns—1 Wo + 75t

and

N—s 1 N 1 FLeeoTe T
O(N —+ 7 — =0 =—+—=].
p[ ( )(rl—1,...,7"3—1,rs+1,...,rk_1>w1+T (rl,...,rk_1>wo] <N5_1w1+w0>

By assigning wg = \/Ns_l/(r1-~r5 1) and wy = /11 r5_1/N571 both these quantities become

O(rm/ “rs—1 /N3~ 1)

With this choice of the weights, the value of the objective function in

O<r1+r2\/7 REEP—Y NkT’EQ Vi ) (5.11)

Assuming all terms in (5.11]), except the last one, are equal, and denoting p; = log,, r;, we get that

1—1 1 )

1
P T 5 st pie1) — = pi 5 i) = 5 fori=1,....k =2
pit g(prt ot pica) == =pi+ 5o+ o) =5 or i
or, equivalently,
1+p; .
Pitl = —;p, fori=1,...,k—2.
Assuming the first term, r1, equals the last one, N% e Tk]\il , we get
I1+(1=-p)+-+Q—pr—1) 1 1 1 1 1
= =4 (24— )Q=p)==+(1- == ) (1=p).
. 2 s gt tom)d-rm=g+ g1 ) (1= )

From here, it is straightforward that p; = 1 — 28¥=2/(2¥ — 1), hence, the complexity of the algorithm is
0 (N172’“—2/(2’“71)).

5.3.3 (In)feasibility

Assume z and y are inputs such that f(z) =1 and f(y) =0. Let R = (R1,..., Rx—1) € V4 be a choice of
the internal randomness consistent with =. Similarly to the proof of Theorem (5.2} let Z; be the matrix
corresponding to the arc loading j that is taken for input # and randomness R (i.e., the one from (G.8))
with sub-index j, or the zero matrix, if there are none).

Again, we would like to prove that (5.0 holds. Unfortunately, it does not always hold. Assume z, y
and R € V; are such that x and y agree on R. Thus, the contribution to the sum in (6] is 0 from all
arcs of stages I.s. Now assume that x,, = y,, and there exists b € Ry such that y, = x,,. This doesn’t
contradict that = and y agree on R, because y, is represented by x in the assignment it satisfies on R.

But z and y disagree on Ray], because y, gets uncovered there. Thus, the contribution to (56 is 0
from all arcs of stages I1.s as well. Thus, equation (58] does not hold. We deal with this problem in the
next section.
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5.4 k-Distinctness: Final Version

In Section B33 we saw that the learning graph from Table (5] is incorrect. This is due to faults. A
fault is an element b of R; with ¢ > 1 such that y, = x,,. This is the only element that can suddenly
become uncovered after adding a;—; to R;_; on stage IT.(i — 1). Indeed, we assumed x contains a unique
k-tuple of equal elements, hence, if R € V; is consistent with x, no b in |J R satisfies zp = x,,.

Since y is a negative input, there are at most &k — 1 = O(1) faults for every choice of z. Thus, all we
need is to develop a fault-tolerant version of the learning graph from Table (1] that is capable of dealing
with this number of faults.

As an introductory example, consider the case of k = 3. Here, a fault may only occur in Ry, and a
fault may come in action only if y,, = x,,, hence, we may assume there is at most one fault. Split Rs
into two subsets: Ro = R2(1) U R2(2). We know that at least one of them is not faulty. Hence, we could
could try both cases: adding az to Rz(1), and adding it R2(2). At least one of them will work. But it is
not enough: If they both work, the contribution is 2p, and we want it to be exactly p in all cases.

To solve this complication, we split R; into three subsets: Ry = R;(1)UR;(2)UR;(1,2). We uncover
an element in Ry(4) iff it has a match in Ry(i) U Ry(1,2). Consider three cases:

e a; goes to Ry(1), and ag goes to Ra(1);
e a; goes to Ry(2), and ay goes to R2(2); and
e a; goes to Ry(1,2), and az goes to Ra(1).

Also, we set the third case to give contribution —p, whereas the first two give contribution p as before.
Again, at least one of the first two cases will work. Moreover, the third case will work if and only if both
of the first two cases work. Thus, in dependence on the case, the contribution is p4+0+0, 04+ p+ 0, or
p + p — p, that equals p. The construction in the general case is a direct generalisation of this idea.

5.4.1 Construction

The variables loaded in vertices of the learning graph are split into collections of pairwise disjoint subsets:
S = (Si(dy,da,...,di—1,D)), where i € [k — 1], dj € [k — j], and 0 C D C [k —i]. If S is as above, let
Si = Udl,..‘,di,l,D Si(dl, N 7di—1, D), and U S = Uz Sl

For a non-empty subset D C N, let (D) denote the minimal element of D (or any other fixed element
of D). For each sequence (Dy,...,Ds_1), where D; is a non-empty subset of [k —i], let Vi(D1,...,Ds_1)
consist of all collections (Si(dl, do,...,di_1, D)) such that

ri+1, i<s,d=u(D1),...,di—1 =p(D;—1), and D = D;;
i otherwise.

|Si(dy,...,di—1,D)| = {

The key vertices of the learning graph are V3 U --- UV}, where Vj is the union of Vi(Dy,..., Ds_1)
over all choices of (Dy,...,Ds_1).

Again, a vertex R = (Ri(dl, day...,di—1, D)) € V1 completely specifies the internal randomness. For
each of them, we fix an arbitrary order tq,...,t, of the elements in [ J R. The order is such that all the
elements of R; precede all the elements of R; ;1 for any ¢ < k — 2. We say that R is consistent with x
if {a1,...,ax} is disjoint from |JR. Let p be the inverse of the number of R € V; consistent with z.
(Clearly, this number is the same for all choices of x.)

The elements still are loaded in the order from (7). We use a similar convention to name the

arcs of the learning graph as in Section B3l Arcs of stages I.s are of the form Agf’j{“"“’“}”*’ for

ReViand 0 < /¢ <r. Here, RNT = (Si(dl,d%...,di,l,D)) is defined by Si(dl,dg,...,dl;l,D) =
Ri(dy,dy,...,di—1,D)NT. Arcs of stage ILs are of the form Af with R € V, and j ¢ |JR.

Fix an arc AY, and let S = (Si(d1,dy, ...,d;i—1, D)) be the set of loaded elements. This time, we
define an assignment on S as a function a: |JS — [¢] U {x} such that x ¢ «(S7), and, for all i > 1 and
all possible choices of dy,...,d;_1 and D:

Oé(Si<d1,d2, ey diq, D)) - {*} U U Oz(Sifl(dl, ey di,Q,K)).
K>d;_1
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S,(1,1.{1})

S,(1,2.{1})

= RRAT T

S,3,1.{1})
S,(3,2,{1})

‘ I7LIINDZ .

£

i 7854

/

Figure 5.1: A structure of a vertex of a learning graph for 4-distinctness. The vertex belongs to
V2({2,3},{1,2}). If there is an arrow between two subsets, a match in the first one is enough to uncover
an element in the second one. After a; is added to S1({2,3}) and as is added to S2(2,{1,2}), x and y
disagree if there is a fault in one of the hatched subsets.

An input z € [q]"V satisfies the assignment « iff, for each t € |J S,

zt, t € S1(D) for some D;
O{(t) =492z, tE€ Si(dl,...,difl,D) and z; € UKBdi_1 Q(Sifl(dlw..,di,Q,K)); (512)

*, otherwise.

The covered, uncovered elements and the agreement relation are defined as before.
For any # € f~1(1) and R € V; consistent with z, the following arcs are taken. On stage L.s, for
s € [k — 1], these are arcs Agfq{tl"”’t"'}’m, where tyy1 belongs to one of Rs. On stage Il.s, for any fixed

R consistent with z and s € [%], we have many arcs loading a,. For each choice of (D;);¢[s—1), where D;
]

is a non-empty subset of [k — i, the arc Ai[Dleal"”’D"‘”(_aS’l] is taken. Here, R[D; < aq,...,Ds_1
as_l] = (Sl(dl, dg, [N 7di—17 D)) is defined by

Ri(dl, N ,difl,D) U {ai}, 1< S, d1 = ,u(Dl), N 7di,1 = /L(Difl), and D = Di;
Si(diy...,di—1,D) = .
R;(dy,...,d;—1,D), otherwise.

The main property of this vertex is as follows:

Claim 5.4. The vertex S = R[D; < a1,...,Ds_1 < as—1] belongs to Vs(D1,...,Ds_1). Moreover, all
the elements ay,...,as_1 are uncovered in this vertex.

Proof. The first statement is obvious. Let us prove the second one. The element a; is un-
covered because it belongs to S; (the first case of (5I12)). We proceed further by induction.
Assume a; € S;(u(D1),...,u(D;i—1),D;) is uncovered. As D; > u(D;), we get that a;41 €
Sit1((D1), ..., pu(D;), Diy1) is uncovered by the second case of (B12]). O

Again, for each arc AY, we define a positive semi-definite matrix X7 so that X; in BI4) are given
by >, X7. The matrix X7 is defined as ), Y, where the sum is over all assignments a on S. For the
arcs on stage 1.1, Y, are defined as in (£9), and the arcs on stage L.s, for s > 1, are defined as in (5I0)
with a(Ss-1) replaced by U5, a(Ss-1(d1, ..., ds—2, K)).
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Now consider stage II.s. Let Af be an arc with S € Vi (D1, ..., Ds_1). In this case, Y,, = py¢p* where

1/v/w, f(z) =1, and z satisfies o and the arc A;

Vw, f(z) =0, z satisfies a, and s + |D1| + - - - + | Ds_1| is odd;
—vw, f(z) =0, z satisfies o, and s + |D1| + -+ - + |Ds—1] is even;
0, otherwise.

U= =

Thus, depending on the parity of s+ |D1|+-- -+ |Ds_1], st consists of the blocks of one of the following
two types:

T Y T Y
x| p/w p or x| p/w —p (5.13)
Y b pw Y| —p pw

Complexity The complexity analysis follows the same lines as in Section The complexity of
stages L.s is proved similarly, by taking R; = U,, . 4, p Ri(di,...,di—1, D), and noting that |R;| =
O(kYr; = O(r;). Now, having a match in R;_; is not sufficient for an element in R; to be uncovered,
but this only reduces the complexity. The analysis of stage Il.s is also similar, but this time instead of

one arc loading an element a, for a fixed choice of z and R € Vi, there are 20+*) = O(1) of them.

5.4.2 Feasibility

Fix inputs z € f~(1) and y € f~1(0), and let R € V; be a choice of the internal randomness consistent
with . Compared to the learning graph in Section (5.3} many arcs of the form A are taken for a fixed
j € [N]. Let Z be the set of arcs taken for this choice of z and R. The complete list is in Section (411
We prove that

Z X7 [z, y] = p. (5.14)

AVEZ: mjFy;

Since, again, no arc is taken for two different choices of R € Vj, this proves feasibility (3.140).

If  and y disagree on R then (G.14) holds. The reason is similar to the proof of Theorem It is
not hard to check that there exists ¢ € [r] such that z and y disagree on RN {¢1,..., ¢y} if and only if
i >4 Letj=¢t;, T={t1,...,t;i-1}, S=RNT and 8" = RN (TU{j}). We claim that X;S’R)[[x,y]] =p
and z; # y;.

Indeed, let o be the assignment x and y both satisfy on S, and let a, and «, be the assignments
x and y, respectively, satisfy on S’. As, for any 7, the elements of R;; are loaded only after all the
elements of R; have been loaded, we get that a(t) = as(t) = oy (t) for all t € T'. Since x and y disagree
on S’, it must hold that o (j) # oy (j). Hence, x; # y;, and at least one of them is uncovered on S’.

Thus, XJ(S’R) [z,y] = p by (B3) or (EI0), in dependence on whether A§S’R) belongs to stage 1.1 or not.

We claim the contribution to the sum in (5I4) from the arcs in Z loading t; for i’ € [r + k| \ {i} is
zero. For i’ > 4, this follows from that x and y disagree before loading t;;. Now consider i’ < 4. Inputs
x and y agree on S = RN {ty,...,ty}. Let 5 =t; and « be the assignment x and y both satisfy on S.
We have that either z;; = y;-, or they both are represented by x in .. In both cases, the contribution is
zero (in the second case, by (510)).

Now assume z and y agree on R. The contribution to (5.14) from the arcs of stages I.s is 0 by the
same argument as in the previous paragraph. Let s be the first element such that x,, # y,,. We claim
that if s’ # s, the contribution to (5.I4)) from the arcs Ail € Z with S € Vi is 0.

Indeed, if s" < s then x, , = yq_,. If s > s, then for each choice of (Di)iels'—1), = and y disagree on
R[D;y <+ ay,...,Dg_1 < ag_1], because, by Claim[(.4] all a; with ¢ < s’ are uncovered in the assignment
of z.

The total contribution from the arcs Afs € Z with S € V; is p. This is a special case of Lemma
below. Before stating the lemma we have to introduce additional notations. For a vertex S = R[D;
ai, ..., Dy < ag] with £ < s, define the block on this vertex as the set of vertices

B(S)={R[Dy < ay,...,Ds_1 +as_1] |0 CD; Clk—i|fori=0+1,...,s —1}.
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Also, define the contribution of the block as C(S) = 3 g cp(s) st, [z, y]. We prove the following lemma
by induction on s — £:

Lemma 5.5. Let R and s be as above. If x and y agree on S = R[D1 < a1,...,Dy¢ < ay] then the
contribution from the block on S is (—1)¢HIP1l++Dely, - Otherwise, it is 0.

Note that if £ = 0, the lemma states that the contribution of the block on R is p. But this contribution
is exactly from all the arcs of the form A from Z. This proves (E.14).

Proof of LemmalZd If x and y disagree on S, they disagree on any vertex from the block, hence, the
contribution is 0.

So, assume x and y agree on S. If £ = s — 1, there is only S in the block. Hence, the contribution is
(—1)HIPalt+[Dely, by (513), because 2 and y agree on S and x,. # y,.. Now assume the lemma holds
for 0 < ¢ < s, and let us prove it for £ — 1. Fix S = R[Dy < a1,...,D¢—1 < ay—1]. The block B(S) can
be expressed as the following disjoint union:

B(S) = |_| B(R[Dl <—a1,...,Dg_1 (—ag_l,Dg%ag]).
0CD,Clk—{]
Let I be the set of dy € [k — €] such that (J,, Ret1(p(D1), ..., w(De—1),de, D) does not contain a fault.
Claim 5.6. The inputs © and y agree on R[Dy < ay,..., Dy < ay] if and only if Dy C 1.

Proof. The inputs x and y disagree on this vertex if and only if there is a fault in one of Ry11(dy, ..., d¢, D)
that became uncovered after the addition of as. As a, is added to Ry(u(D1),...,u(De-1), D), equa-
tion (B.I2) indicates that we are only interested in the faults with d; = u(D;) for all i € [¢ — 1] and
Dy > dy. Hence, z and y disagree if and only if Dy & I. O

Since Y4, = -+ = Ya._, = Ta, and there are at most k — 1 elements in y equal to z,,, there are at
most k—1—(s—1) < k—¢ faults. Hence, I is non-empty. Using the inductive assumption and Claim [5.6]

C(S)Z Z C(R[D1 <—Cl1,Dg_1 (—a,g_l,...,Dg<—ag])
0CD,Clk—1)
= Z (—1)HID el — ()LD Dy
0PcD,CI
by inclusion-exclusion. O

5.5 Summary

In this chapter, we considered a number of applications of learning graphs beyond the framework of
certificate structures. Two main applications are the special case of the graph collision problem and the
k-distinctness problem. We preserved the “hiding” intuition from Section [£2.3] but added a number
of new ingredients: the weights of arcs that depend on the values of the loaded variables, generalised
assignments in vertices of the learning graph, partial dependence on the value of the variable being
loaded, inclusion-exclusion-based techniques.

There are more problems that can be approached with the dual adversary SDP. We find the graph
collision problem (in its general form) most interesting. We saw in Chapter Ml that the largest possible
quantum query complexity of a function with 1-certificate complexity 2 is ©(N?/3). However, the size
of the alphabet increases with IN. The graph collision problem is equivalent to a Boolean function with
1-certificate complexity 2. Similarly, it is also possible to analyse Boolean function with 1-certificate
complexity k = O(1).

Another open problem is whether the k-distinctness algorithm from Theorem [B.3]is optimal.

In general, the learning graph approach seems more flexible than the approach based on the quantum
walk on the Johnson graph. We were able to analyse more complicated underlying graphs, and we did
it without any spectral analysis. Also, we did not have to bother about the internal organisation of
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the algorithm. One aspect of this is that algorithms based on the dual adversary SDP have built-in
amortisation. In the analysis of stage I of the algorithms in Theorems and B3] (and, to smaller
extent, Theorem [2T]), it was sufficient to calculate the average complexity of the stage. Ordinary
quantum algorithms usually have to wait until all computations in the superposition are finished, hence,
they spend the mazimal complexity on the subroutine. Converting it to the average is non-trivial, see,
e.g., [111, 12].

One drawback of the approach based on the dual adversary SDP is that it only gives query-efficient
algorithms, and says nothing about their time complexity. We solve this problem, to some extent, in Part
IIT of the thesis. In particular, we obtain a time-efficient implementation for the 3-distinctness problem.
However, the resulting algorithm is rather different from the one presented in this chapter.



Part 111

Time-Efficient Implementations
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Overview of Part 111

In Part II, we used the algorithm from Theorem to come up with a number of quantum query
algorithm. Their time complexity was left out of our consideration. In this part of the thesis, we analyse
whether similar tools can be used in development of time-efficient algorithms.

One of the drawbacks of the algorithm from Theorem is that it is notoriously hard to implement
time-efficiently. Thus, we require different techniques. We already know one of them from Section [3.3.2¢
These are span programs. Recall that in Section 3.4l we introduced two algorithms: the aforementioned
algorithm based on the dual adversary SDP (Theorem [B45]), but also an algorithm based on span
programs (Theorem B43)). Taking Theorem into account, we can represent the relation between
these two algorithms as in Figure

Generality

Span Programs

Canonical
Span Programs

= Dual Adverary
Dual Adversary for
Boolean function

|
I I

Binary Arbitrary Size of the
input alphabet

Figure 2: Relation between span programs and dual adversary SDP.

In Chapter [l we only consider Boolean functions. For them, we use the technique of span programs.
We obtain improvements both in the query and the time complexities. Span programs also provide an
intuitive way of formulating and analysing the algorithm. The corresponding adversary SDP, obtained
using Theorem B.39] would be much less intuitive.

By a careful examination of the proofs of Theorems[3.43 and [3.45] one can formulate a computational
model combining both flexibility of span programs and ability to work with non-Boolean alphabet. This
would correspond to the place in Figure 2] marked by the black dot. However, this is not the way we
proceed. We find it more convenient to base algorithms on direct application of the Effective Spectral
Gap Lemma 3471

In Chapter [[l we obtain a new variant of a Szegedy-type quantum walk. Using it, we are able to
implement learning graphs from Chapterd directly as a quantum walk, bypassing dual adversary SDP and
span programs. The walk is very similar to the original quantum walk by Ambainis (Proposition 2Z29]).
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It turns out to be very intuitive, so we managed to obtain a quantum algorithm for the 3-distinctness
problem having time complexity equal to the query complexity of the algorithm from Theorem 5.3, up
to logarithmic factors.



Chapter 6

Graph Properties

In this chapter, we use the computational model of a span program from Section 3.3.4] to come up
with efficient quantum algorithms for some problems on graphs. First, we present a new quantum
algorithm for the st-connectivity problem, that uses exponentially less space and, in many cases, runs
faster comparing to the previous known algorithm. Second, we give an optimal quantum algorithm for
detecting presence of paths and claws of arbitrary fixed size in a graph given by its adjacency matrix.
Although Theorem [3.43] only claims the existence of a query-efficient quantum algorithm corresponding
to a span program, we are able to implement our span programs time-efficiently.
This chapter is based on the following paper:

[26] A. Belovs and B. W. Reichardt. Span programs and quantum algorithms for st-connectivity and
claw detection. In Proc. of 20th ESA, volume 7501 of LNCS, pages 193-204, 2012, 1203.2603.

6.1 Preliminaries

All graphs in this chapter are considered simple, i.e, undirected and without parallel edges. Let K,, be
the complete graph on n vertices, and let K,,, be the complete bipartite graph with the parts of sizes
m and n. A star is a complete bipartite graph of the form K ,,, and the claw is the star K 3.

A graph T is said to be a subgraph of a graph G, if T' can be obtained from G by repeatedly deleting
edges and isolated vertices. The subgraph of G, induced by a subset V of the vertex set of G, has V as
its vertex set, all edges of G having their both endpoints in V', and only them.

A graph T is a minor of G, if it can be obtained from G by deleting and contracting edges, and
deleting isolated vertices. To contract an edge uv is to replace u and v by a new vertex that is adjacent
to the union of the neighbours of u and v. There is an alternative way of describing the minor relation.
Let H be a graph, and {V,}, where z runs through all the vertices of a graph T, be a collection of
pairwise disjoint subsets of vertices of H such that the subgraph of H, induced by V,, is connected for
each z. We write H = MT if the following holds: there is an edge uv in T if and only if there is an edge
between a vertex of V, and a vertex of Vj,. If this holds, the sets V;, are called the branch sets of MT. A
graph T is contained in GG as a minor if and only if some MT is contained in G as a subgraph.

A graph H is called a subdivision of a graph T if it can be obtained by repeatedly subdividing edges of
T. The subdivision of an edge uv of a graph G = (V| E) results in the graph (VU{w}, EU{uw, wv}\{uv}).
Informally, it places a new vertex w of degree 2 in the middle of the edge uv.

st-connectivity In the st-connectivity problem, we are given a simple n-vertex graph G with two
selected vertices s and t. As usually in our thesis, the graph G is given by its adjacency matrix, i.e., the
n X n matrix (zy,), with z,, = 1 if the edge uv is present and z,, = 0 otherwise. As 2y, = zyy, the
problem is given by N = (Z) input variables. The task is to determine whether there is a path from s
to t in G. This problem is also known as USTCON or UPATH. Classically, it can be solved in quadratic
time by a variety of algorithms, and it is not hard to see that this is optimal. With more (but still
polynomial) time, it can be solved in logarithmic space [3], even by a deterministic algorithm [I12].
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Diirr et al. gave a quantum algorithm for this problem that makes O(n3/2) queries [54]. In fact, with
an approach based on Boruvka’s algorithm [33], they solve a more general problem of finding a minimum
spanning forest in G, i.e., a cycle-free edge set of maximal cardinality that has minimum total weight.
In particular, the algorithm outputs the list of the connected components of the graph. The algorithm’s
time complexity is also O(n?/2) up to logarithmic factors. The algorithm works by executing a quantum
subroutine that uses O(logn) qubits and requires a QRACM array of size O(n). The content of the array
is updated classically between the runs of the subroutine.

Our algorithm has the same time complexity as that of Diirr et al. in the worst case, it has logarithmic
space complexity, and does not use any QRACM arrays. Moreover, the time complexity reduces to
O(nv/d), if it is known that the shortest path between s and ¢, if one exists, has length at most d.
This promise often appears in applications as we will see later in the chapter. Finally, we note that our
algorithm only detects the presence of an st-path, and does not output any.

Graph properties Another class of functions we consider in this chapter is also related to graphs. A
graph property is a total Boolean function of the adjacency matrix (z;;) that is invariant under permuting
the vertices of G, i.e., it is a function of the graph, and not of its representation. We say that a graph
possesses the property if the value of the function on the graph equals 1. The property is trivial if either
all graphs or note possess it. We say the property is monotone if it is either increasing or decreasing with
respect to subgraph relation. In the first case, adding an edge to a graph possessing the property results
in a graph also having the property. In the second case, removing an edge cannot make the graph lose
the property. For instance, st-connectivity is mot a graph property, because it features two fixed vertices
s and t. On the other hand, connectivity (Proposition BI5)) is a monotone non-trivial graph property.

Query complexity of graph properties is a broad topic both classically and quantumly. The Aanderaa-
Karp-Rosenberg conjecture [116] states that any non-trivial monotone graph property has deterministic
query complexity exactly (g) where n is the number of vertices in the graph. That is, in the worst case,
any deterministic algorithm computing the property must query all edges of the graph, the property also
known as evasiveness. The conjecture remains unsolved, however, it is known that the complexity is
Q(n?) as by result due to Rivest and Vuillemin [I13]. The randomised complexity is also believed [117]
to be 2(n?). But the quantum query complexity of many monotone graph properties is o(n?). Actually,
by using a threshold function (Corollary 2-T9) on the number of edges, one can obtain a monotone graph
property with any intermediate polynomial between n and n? as its quantum query complexity. The
best known lower bound on a general monotone graph property is Q(nz/ 3 logl/ 6 n) as observed by Yao
and mentioned in [95].

In fact, we have already seen some monotone graph properties in the thesis. The triangle property
from Theorem is an example, and we also know that its complexity, as per Theorem [£20] is
O(n®7) = o(n?). This can be generalised to forbidden subgraph properties (FSP): Given a finite list
Hy, ..., Hy, of graphs, a graph G possesses the property iff it does not contain any of H;s as a subgraph.
Clearly, it is a monotone graph property.

Similarly, one can define a monotone graph property that evaluates to 1 iff the input graph G does
not contain any of Hjs as a minor. It is easy to see that this property is minor-closed: If a graph
does not contain any of Hj;s as a minor, then any its minor also does not. Minor-closed properties
include properties like being a forest (the forbidden minor is K3), or being embeddable into a fixed
two-dimensional manifold. Robertson and Seymour have famously shown [I15] that any minor-closed
property can be described by a finite list of forbidden minors. They also have developed a cubic-time
deterministic algorithm for evaluating any minor-closed graph property [114].

Childs and Kothari have studied quantum query complexity of general minor-closed graph proper-
ties [48]. Mader’s theorem [92] implies that any minor-closed graph property is sparse, i.e., for any
graph possessing the property, the number of edges is at most linear in the number of vertices. By
Corollary I8 this gives a trivial quantum O(n®/?) query algorithm. Childs and Kothari showed that
this is optimal for any minor-closed property that is not simultaneously a forbidden subgraph property.
This generalises, for instance, the Q(n3/ 2) lower bound on quantum query complexity of planarity by
Ambainis et al. [I5]. The proof technique is similar to Proposition

For minor-closed FSPs, on the other hand, it is always possible to do better, i.e., there exists a
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0(n3/ 2)-query quantum algorithm. In particular, Childs and Kothari gave a quantum query algorithm
for deciding if a graph contains a path of length k that uses O(n) queries if k < 4, O(n3/2_1/([k/21_1))
queries if k£ > 9, and certain intermediate polynomials for 5 < k£ < 8. For subdivided claws, the quantum
query complexity was also given by a polynomial whose exponent approaches 3/2 as the size of the
forbidden subgraph increases.

We make further progress on characterising the quantum query complexity of minor-closed FSPs by
giving an optimal quantum O(n) query query algorithm for any minor-closed FSP that is characterised by
a single forbidden subgraph. The graph is then necessarily a collection of disjoint paths and subdivided
claws. This is optimal. While the algorithm by Childs and Kothari uses complicated quantum walks that
utilise the sparsity of the input graph, our algorithm is built on span programs and can be considered
as a generalisation of the st-connectivity algorithm. Moreover, we show that our algorithm can be
implemented in O(n) quantum time.

Organisation In Section[6.2] we present the algorithm for st-connectivity, and analyze its query com-
plexity. In Section [63] we define the subgraph/not-a-minor promise problem, and solve it for the cases
when the subgraph is a subdivided star or the triangle. In Section[(.3.3] we show that our technique does
not work for arbitrary subgraphs. In Section [6.4] we present a framework for span program evaluation,
and prove that the above algorithms can be implemented time efficiently.

6.2 Span Program for st-Connectivity

Theorem 6.1. Consider the st-connectivity problem on a graph G given by its adjacency matriz. Assume
there is a promise that if s and t are connected by a path, then they are connected by a path of length at
most d. Then, the problem can be solved in O(n\/d) = O(V'Nd) quantum queries.

It is easy to see that quantum query complexity of the problem is 1 if d = 1, and ©(y/n) if d = 2.
If d > 3, and d = O(1), then the algorithm of Theorem is optimal, that can be seen by reduction
from the unordered search problem. The algorithm is also optimal if d = ©(n) by an argument similar
to Proposition

Proof of Theorem[6.1l. Define a span program P using the vector space R™, with the vertex set of G as an
orthonormal basis. As usually, for a vertex u of G, e, denotes the element of the basis corresponding to
u. The target vector is 7 = e; — es. For each pair of distinct vertices {u, v}, order the vertices arbitrarily
and add the input vector e, — e, labelled by the presence of the edge uv in the input graph, i.e., e, — e,
is available when the entry (u,v) of the adjacency matrix is 1. The edge orientation is not important
since €, — €, = —(ey — €y)-

Assume that s is connected to t in G, and let ¢t = ug,uq,...,u,, = s be a path between them of
length m < d. All vectors ey, — e,,,, are available, and their sum is e; — es. Thus, the span program
evaluates to 1. The positive witness size is at most d.

Now assume that ¢ and s are in different connected components of G. Define the negative witness
w’ by (w’,e,) =1 if u is in the connected component of ¢, and 0 otherwise. Then (w’,7) =1 and w’ is
orthogonal to all available input vectors. Thus, the span program evaluates to 0. Since there are O(n?)
false input vectors, and the inner product of each of them with w’ is at most 1, the negative witness size
is O(n?).

Thus, by Remark B30, the witness size of P is O(nv/d). By Theorem BZ3, the quantum query
complexity of the problem is O(nv/d). O

One can observe the similarity between this span program and the one from the second proof of
Theorem LTIl In Section 6.4l we will prove that the st-connectivity algorithm can be implemented in
O(n/d) time and O(logn) space.

As a warm-up before the algorithm in Section [6.3] let us briefly describe an application of this
algorithm for detecting k-paths in the input graph, where £k = O(1). At first, we describe a classical
algorithm for k-path detection from [4]. It is based on the colour-coding technique. Let G be the input
graph. Colour each vertex of G uniformly at random with an integer in {0, 1,...,k}. Using the dynamic
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programming, it is not hard to detect whether G contains a correctly coloured k-path, i.e., one coloured
with consecutive integers 0, ...,k from one end to the other. Indeed, let Vj be the set of all vertices of
G coloured with 0. Let V7 consist of all vertices of G coloured in colour 1 and connected to a vertex in
Vb. And so on: Let V11 consist of all vertices of G coloured in colour ¢ + 1 and having a neighbour in
V;i. There is a correctly coloured path in G if and only if Vi is non-empty. If the graph is given by its
adjacency matrix, this procedure takes time O(n?). If G contains a k-path, the probability it is coloured
correctly is 2k~* = Q(1). Thus, we can get sufficiently high probability of success by testing a constant
number of different colourings.

We do not know how to perform general dynamic programming quantumly, and because of that we
replace it by the st-connectivity algorithm. We perform the same colouring, and construct an ancillary
graph H from G as follows. Add two vertices s and t. Connect s to all vertices of colour 0, and ¢ to
all vertices of colour k. Remove all edges of G that do not connect vertices of consecutive colours. If G
contains a correctly coloured k-path, then there is a path from s to t in H of length k4 2. If G does not
contain a k-path, s and ¢ are disconnected for any possible colouring. By Theorem [ this algorithm
works in O(n) queries.

Note that, contrary to the classical case, an st-path in H does not imply a correctly coloured path in
G. Indeed, the path from s to t may zigzag back and forth between consecutive layers of H. This means
our quantum “dynamical programming” can have false positives. The classical algorithm can be easily
generalised to detect arbitrary fixed trees in G. Quantumly, we are able to generalise it to subdivisions
of stars in Theorem [6.3, but the construction becomes more complicated.

6.3 Subgraph/Not-a-Minor Promise Problem

In this section, we study minor-closed forbidden subgraph properties. A natural strategy for testing a
minor-closed FSP is to take the list of forbidden subgraphs and test the input graph G for the presence
of each subgraph one by one. Let T be a forbidden subgraph from the list. To simplify the problem of
detecting T, we can add the promise that G either contains T as a subgraph or does not contain 7" as a
minor. We call this problem the subgraph/not-a-minor promise problem for 7.

We develop an approach to the subgraph/not-a-minor problem using span programs. We first show
that the approach achieves the optimal O(n) query complexity in the case when T is a subdivided star.
In Section [6.3.2] we extend the approach to the case when T is a triangle. In Section [6.3.3] we show that
the approach fails for the case T = K5.

Before describing the algorithm, we state a lower bound that proves the optimality of all these
algorithms:

Proposition 6.2. If the graph T has at least one edge, then the quantum query complexity of the
subgraph/not-a-minor problem for T is Q(n), and the randomised query complexity is Q(n?).

Proof. This is a standard argument by reduction from the unordered search problem; see, e.g., [41]. Let
H be the smallest connected component of T' of size at least 2. Let H' be H with a vertex removed. Let
G be constructed as T\ H together with n disjoint copies of H' and n isolated vertices. The graph G
has O(n) vertices and does not contain a T-minor.

Let z; ;, for ¢, j € [n], be boolean variables. Define G(z) as G with the jth isolated vertex connected
to all vertices of the ith copy of H' for all ¢,j such that z; ; = 1. The graph G(z) contains T as a
subgraph if and only if at least one z; ; is 1. This gives the reduction. Unordered search on n? inputs
requires Q(n) quantum queries (Proposition B.7) and, Q(n?) randomised queries (Theorem [[.22]). O

6.3.1 Subdivision of a Star

In this section, we give an optimal quantum query algorithm for the subgraph/not-a-minor promise
problem for a subdivided star. As a special case, this implies an optimal quantum query algorithm for
deciding minor-closed forbidden subgraph properties that are determined by a single forbidden subgraph.

Theorem 6.3. Let T be a subdivision of a star. Then, there exists a quantum algorithm that, given
query access to the adjacency matriz of a simple graph G with n vertices, makes O(n) = O(V'N) queries,
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and, with probability at least 2/3, accepts if G contains T as a subgraph and rejects if G does not contain
T as a minor.

In Section [E4] we prove that the algorithm from Theorem B3] can be implemented efficiently, in O(n)
time and O(logn) space.

Proof of Theorem[6.3. We use the colour-coding technique [4]. Let 7" be a star with d legs of lengths
£q,...,€q > 0. Denote the root vertex by r and the vertex at depth ¢ along the jth leg by ¢; ;. The vertex
set of Tis Vp = {r,t1,1,. -, t1.0,5-- -, td1s- - - tde, - Refer to Figure[6.I(a) for an example. Colour every
vertex u of G with an element ¢(u) € Vr chosen independently and uniformly at random. For v € Vr,
let ¢=1(v) be its preimage in the set of vertices of G. We design a span program that

e accepts if there is a correctly coloured T-subgraph in G, i.e., an injection ¢ from Vr to the vertices
of G such that the composition co¢ is the identity, and uv being an edge of T implies that ¢(u)c(v)
is an edge of G}

e rejects if G does not contain 1" as a minor, no matter the colouring c.

If G contains a T-subgraph, then the probability it is coloured correctly is at least |Vp|~IVrl = Q(1).
Evaluating the span program for a constant number of independent colourings suffices to detect the
presence of T with probability at least 2/3.

Span program The vector space of the span program has the following orthonormal basis

{s,} U {hﬁ?) | e(u) =, be{o,..., d}} U {egjﬁ | c(u) £ 7, b€ [deg c(u)]} (6.1)
where deg stands for the degree of a vertex in the graph T. That is, there is only vector eq(}) if c(u) = tj,, is
a dangling vertex in T'; otherwise, there are two vectors e&l) and ef). However, for notational convenience,

we use notation e, = el = e{) even if deg c(u) = 1. The target vector is 7 =t —s. For each u € ¢~ 1(r),

there are free input vectors h&o) —sandt— hgd). For each j € [d], there are the following input vectors:
e Forie[l; —1],u € c*(t;;) and v € c7'(¢;,41), the input vectors eV — el and e — P
available when the edge uv is present in Gj;

are

e For u € ¢c7!(r) and v € ¢!(¢;1), the input vector (egl) - h&jfl)) + (h&j) - e£2)) is available when
the edge uv is present in G.

For visualising and arguing about this span program, it is convenient to define a graph H whose
vertices are the basis vectors in (6.1). Edges of H correspond to the available input vectors of the span
program. For an input vector with two terms, 8 — «, add an edge a3, and for the four-term input vectors
(61(,1) — hq(f_l)) + (h&j) — 652)) add two “paired” edges, huj_l)eg) and 6512)}“(5). For an example, refer to
Figure [6.11

Positive case. Assume that there is a correctly coloured T-subgraph in G, given by a map ¢ from Vp
to the vertices of G. Then, the target vector ¢ — s is achieved as the sum of the input vectors spanned
by s, t and the basis vectors of the form e and K with u € t(Vr) and ¢ arbitrary. All these vectors
are available. This sum has a term § — « for each pair of consecutive vertices «, 8 in the following path
from s to ¢t in H:
0 M 1) 1) (2) (2) (2) 1)
S Py ol ) Cultan) 2 Cultaey 1) Calta ) Culta ey 1) Cult2) Calta ) Pae)
(1) (2) (2 (@)
eL(tm)v'"76L(t2,1)’hb(r)’ ...... th(r)vt'
Pulled back to T, the path goes from r out and back along each leg, in order. The positive witness size
is O(1), since there are O(1) input vectors along the path. An example can be found in Figure [GI(b).
It is not enough just to traverse T in this manner, though, because the path might each time use
different vertices of colour r like in a graph in Figure [61l(c). The purpose of the four-term input vectors
(eq(,l) — h&ﬁl)) + (hq(f) — 61()2)) is to enforce that if the path goes out along an edge hq(ffl)eg,l), then it must

return using the paired edge 61()2)h7(f ),
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Figure 6.1: An example of the span program construction from Theorem (a) Coloured graph T'. (b),
(c) and (d) contain graphs on 11 vertices coloured with the vertices of T'. (bl), (cl) and (d1) contain
the corresponding graphs H. Here, paired edges are given by double lines. In (b), there is a correctly
coloured T-subgraph, and the target vector t — s can be obtained as a sum of available input vectors.
(¢) does not contain T as a minor. There is a path from s to ¢ in H, but in H’, that is given in (c2),
s and t are disconnected. The wavy lines show the added ancillary edges. The double circles in (c1)
show vertices of H having inner product 1 with the negative witness w’. (d) shows a graph G that does
not contain a correctly coloured T-subgraph. (d1) shows the corresponding H graph, and (d2) shows
H'. There is a path from s to ¢ in H’, hence, there is a T-minor in G. The branch sets are as follows.

T {4,9,5,3,6}7 t1,1 : {2}, t172 : {1}, t271 : {7}, t371 : {10}, t372 : {11}
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Negative case. Assume that G does not contain 7" as a minor. It may still happen that s is connected
to t in H. We construct an ancillary graph H’ from H by removing some vertices and adding some extra
edges, so that s is disconnected from ¢ in H’. Then, we use this graph to construct the negative witness.

The graph H' is defined starting with H. Let Tj = {t;1,...,tje, }, Hj = {e&b) | c(u) € Ty, be {0,1}}

and R; = {h(u] ) | c(u) = r}. Perform the following transformations:

e For j € [d] and u € ¢7!(r), add the edge RIVRD) o H if BY ™Y s connected to R; in H via a
path with all internal vertices (vertices besides the two endpoints) in Hj;

e For j € [d], remove all vertices in H; that are connected to both R;_1 and R; in H via paths with
all internal vertices in H;.

Note that in the second case, for each u € ¢=*(T}), either both e&l) and e&z) are removed, or neither is.
Indeed, if there is a path from egl) to R;, then it necessarily must pass through a vertex e, with
deg ¢(v) = 1. Then backtracking along the path before this vertex, except with the upper index switched
1 < 2, gives a path from eq(}) to eq(f). Similarly, e&l) is connected to 6&2) if there is a path from eq(f) to
Rj_l.

Define the negative witness w’ by (o, w’) =1 if ¢ is connected to « in H’, and («, w’) = 0 otherwise
(this includes the case when « is removed from H’). The vector w’ is orthogonal to all available input
vectors. In particular, it is orthogonal to any available four-term input vector (65,1) — hq(f _1))—1— (th ) —65,2)),

corresponding to two paired edges in H, because either the same edges are present in H', or 61(,1) and

e{?) are removed and a new edge RI7VRD) is added. For an example, refer to Figure [6.1]c).

In order to verify that w’ is a negative witness, it remains to prove that s is disconnected from ¢
in H', for then (w',t — s) = 1. Assume that s is connected to ¢ in H’', via a simple path p. Based on the
path p, we will construct a T-minor in G, giving a contradiction.

By the structure of the graph H’, p must pass in order through some vertices h&?, hq(fl), ceey hq(j?,
where ¢(u;) = r for all j. Consider the segment of the path from hgﬁ;p to hgf]) Due to the construction
of H', this segment must cross a new edge added to H’', hgfl) 5,?, for some v; € ¢ Y(r). Thus, the
path p has the form

Syoo oy RO R R (D ()

v1 ) R L2

d—1 d
D R

Based on this path, we can construct the T-minor as follows. The branch set of the root r consists
of all the vertices in G that correspond to the vertices along p (i.e., the corresponding subindices).
Furthermore, for each edge hE,ﬂ‘”hE,?, there is a path in H from hgjj_l) to R; with every internal vertex
in H;. The first £; vertices along the path give a minor for the jth leg of T'. It is vertex-disjoint from
the minors for the other legs because the colours are different. It is also vertex-disjoint from the branch

set of r because no vertices along the path are present in H’. (Here, we again use that egl) is present in

H' if and only if eq(f) is present.) For an example, refer to Figure [6.1](d).

Since each coefficient of w’ is zero or one, the inner product of w’ with any false input vector is at
most two in magnitude. Since there are O(n?) input vectors, the negative witness size is O(n?). Thus,
the total witness size of the learning graph is O(n). O

It can be checked that if T" is a path or a subdivision of a claw then a graph G contains 7" as a minor
if and only if it contains T as a subgraph. Moreover, disjoint collections of paths and subdivided claws
are the only graphs T with this property. This implies the following corollary:

Corollary 6.4. Let T be a collection of vertex-disjoint subdivided stars. Then there exists a quantum
algorithm that, given query access to the adjacency matriz of a simple graph G with n vertices, makes
O(n) queries, and, with probability at least 2/3, accepts if G contains T as a subgraph and rejects if G
does not contain T as a minor.

Proof. 1t is not enough to apply Theorem once for each component of T', because some components
might be subgraphs of other components. Instead, proceed as in the proof of Theorem [6.3] but for each



CHAPTER 6. GRAPH PROPERTIES 128

t3,2

t3,2

Figure 6.2: A graph T on the left, and a coloured graph G on the right. It is not hard to check that the
learning graph from Theorem accepts on G, although that does not contain a T-subraph.

fixed colouring of G' by the vertices of T run the span program once for every component on the graph
G restricted to vertices coloured by that component. This ensures that in the negative case, if the span
programs for all components accept, then there are vertex-disjoint minors for every component, which
together form a minor for 7. O

Finally, we note that it is not possible to replace the subgraph/not-a-minor promise problem in the
formulation of Theorem by the ordinary subgraph containment problem. The span program can
accept even if G does not contain T' as a subgraph, see Figure

6.3.2 Triangle

The technique used in the proof of Theorem extends to other problems. As an example, we consider
the case of T' being a triangle. As per Theorem 20, a Ks-subgraph in an n-vertex graph G can be
detected in O(ng/ ™) quantum queries. We show that if G is promised not to contain a Kz-minor in the
negative case (i.e., it is a forest), this problem can be solved in the linear number of queries. As forests
are sparse, it is also apt to mention an O(n7/ 6)-query quantum algorithm for finding triangles in sparse
graphs [48, Theorem 4.4].

Theorem 6.5. There exists a quantum algorithm that, given query access to the adjacency matrix of
a simple graph G with n vertices, makes O(n) = O(vVN) queries and distinguishes the cases when G
contains a triangle and when G is a forest, except with error probability at most 1/3.

Proof. The algorithm is similar to the one in Theorem Let ¢ be a uniformly random map from the
vertex set Vi of G to {0,1,2}. Define a span program on the vector space with orthonormal basis

{s,t} U{elc™ :y e Vel u{ed |uec(0)}. (6.2)

The target vector is again 7 = t — s. The free input vectors are t — s + 67&0) - 67(3) for u € ¢71(0). For
7 €{0,1,2} and (u,v) € ¢c=1(j) x ¢=1(j + 1 mod 3), add an input vector e/ ™" — e’ that is available iff
the edge uv is present in G.

The intuition behind this construction is similar to Theorem By using a four-term input vector
t—stel? — e foruc ¢71(0), instead of two separate input vectors e —sandt— egf’), we prevent
the span program from accepting paths ug, u1, us,vg with ¢(vg) = 0 but vy # up.

Let us make this intuition precise. The positive case is straightforward: If G contains a triangle, then
the triangle is coloured correctly with probability 2/9. (By a correct colouring, we mean a colouring that
assigns distinct colours to different vertices of the triangle.) Assume the triangle is {ug, u, us}, with
c(uj) = j. Since the sum of the input vectors t — s + eg?)) — e&?;), egll) — e&%), 67322) — e&) and eq(f;) — eq(i,)
equals t — s, the span program accepts. The witness size is 3.

For the negative case, assume that G is acyclic. We argue that the span program rejects by con-
structing a negative witness w’. Unlike Theorem [6.3] the coefficients of w’ will not be only 0 or 1, and
the worst-case negative witness size is ©(n*). We will, however, prove that the expected (with respect
to the colouring) negative witness size is O(n?).
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Fix arbitrarily a root for every tree component of G, and measure depths in every component of
G from these root vertices. Let H be the same graph as G, except with edges connecting vertices of
the same colour removed. For every tree component in H, set the root to be the unique vertex in that
component with the least depth in G. For a vertex u, let d(u) be its depth in H. Observe that because
G is acyclic, every edge is removed independently with probability 1/3 when going from G to H.

Let H' be the same as H but with each vertex u € ¢~1(0) split into two vertices: e&o) and egf), SO

that e&o) is connected to u’s neighbours of colour 1, and 61(43) is connected to u’s neighbours of colour 2.

Also, add an edge from e to el Additionally, rename each vertex u € ¢~!({1,2}) into ele) Thus,
we get the graph corresponding to our span program with vertices s and t removed. Clearly, H' is also
acyclic.

Using the graph H’, we can specify the negative witness w’. Let (s,w’) = 0 and (¢t,w’) = 1. The
vertices of H' are in one-to-one correspondence with the remaining basis vectors of (6.2), so it is enough
to specify the coefficients for each vertex of H’. Note that for any u € ¢~1(0), the condition that w’ is
orthogonal to the free input vector ¢t — s + el? e is equivalent to (quo), w') = (egf’), w’y — 1. Up to an
additive factor, this condition determines the coefficients of w’ for each connected component of H’'. Let
r be the root of the component. For a vertex u in the component, define the level ¢(u) as the number
of 6&0)633) edges minus the number of eg’)eg}) edges traversed along the simple path from r to u. Let
(u,w") = £(u). Note that £(u) < d(u) + 1 because no two new edges are adjacent.

Unfortunately, the coefficients of w’ may grow as large as (n), resulting in a negative witness size
of order n*. However, the probability of this event is negligible. Indeed, the negative witness size is
bounded by

D fw—vw)? < N 2((uw)? + (v,w)?) < 8n Y (d(u) +1)7

u,veH’ u,veH’ u€H'

because H' has at most 2n vertices. For a fixed u, the expectation of (d(u)+ 1)? is bounded by the series
1 - i
3 D (i +1)%(2/3)" = 0(1).

By the linearity of expectation, the expected size of the negative witness is O(n?). By Markov inequality,
for any € > 0 one may choose C' so that the probability the negative witness size exceeds Cn? is less
than . This adds at most ¢ to the algorithm’s error probability. If the negative witness size is at most
Cn?, then the total witness size is O(n). O

6.3.3 A Counterexample for Kj

The algorithms in Sections [6.3.1] and suggest a general approach for solving the subgraph/not-a-
minor problem for a graph T: randomly colour G by the vertices of T, and construct a span program
for a traversal of H, using the paired-edge trick to assure that the same vertex of G is chosen for all
appearances of a vertex of T in the traversal. In this section, we show that this approach fails for some
graphs T

Consider the following operation that is a special case of the skew product of a graph and a group [78].
Let T be a graph with each edge e marked by an element s, of the cyclic group Z, of size 2. The skew
product of T and Zs is the graph T» with vertices (v, i), where v is a vertex of T and i € Z>. The graph
T has two edges for each edge (u,v) of T (u,i)(v,i + 5(u)) for i € Zs.

The span program built along the lines of the algorithms from Theorems and accepts on Ty if
it is coloured correctly, i.e., if both vertices (v,0) and (v, 1) of Ty are coloured by v. Indeed, the positive
witness for G = T, can use all available input vectors with uniform coefficients 1/2.

In general, however, T does not contain 7" as a minor. For instance, Figure shows an example of
a skew product of K5 and Zs that does not contain a Ks-minor. It is easy to check, however, that if T'
is a tree or a triangle, T does contain 7' as a minor—and even as a subgraph, in the case of a tree.

This shows that our algorithm does not work for all subgraph/not-a-minor promise problems. Sim-
ilarly, one can define a (total) minor-closed forbidden subgraph property for which our algorithm fails.
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Figure 6.3: A skew product of K5 and Z/27 gives a planar graph that does not contain K5 as a minor.
This example is due to Jim Geelen.

The property of having as a minor neither K5 nor the eleven-vertex path Pjqg is a forbidden subgraph
property.

6.4 Time-Efficient Implementations

As described in Theorem [3.43] a span program P can be evaluated by a quantum algorithm that makes
O(wsize(P)) queries to the input string. The algorithm alternates a fixed input-independent reflection
Rj with a simple input-dependent reflection Rp;. The reflection Ry can be implemented efficiently in
most cases, but implementing Rj, in general, is difficult. Since many functions have much larger time
complexity than query complexity, this should be expected.

In this section, we show how to implement R, time-efficiently for the span programs from Theo-
rems [6.1] and The idea is similar to the MNRS quantum walk from Section The graph’s
constant spectral gap allows for implementing this reflection to within inverse polynomial precision using
only logarithmically many steps of the walk. The graph’s uniform structure allows for implementing
each step efficiently.

Theorem 6.6. The algorithm from Theorem[G1l can be implemented in O(nv/d) quantum time, and the
algorithms from Theorems and [63 can be implemented in O(n) quantum time. In these implemen-
tations, the algorithms from Theorems 61 and[6.3 use O(logn) qubits of space.

Preliminaries Before we start with the proof of Theorem [6.0] we state some ancillary facts. We start
with k-wise independent hash functions; see, e.g. [91]. This is a collection of functions h,,: [n] — [¢] such
that, for any k distinct elements aq, .. ., aj, the probability over the choice of m that (h,,(a1), ..., hm(ag))
takes a particular value in [¢]*, is £~%. The simplest construction, that suffices for our purposes, is to
assume that ¢ < n are powers of two, and define h,, as the log, ¢ lowest bits of the value of a random
polynomial over GF(n) of degree k — 1. (GF(n) stands for the finite field with n elements.) Then,
O(klogn) bits suffice to specify A, from which h,,(a) can be calculated in O(klog®n) time.

We will also need the following simple result from linear algebra. In the following, I, is the n x n
identity matrix, and J, is the n x n all-1 matrix.

Lemma 6.7. Fix { x { symmetric matrices A and B. Forn € N, let M, = A® I, + %B ® Jn. Then
the spectrum of M, i.e., the set of eigenvalues without multiplicities, is independent of n.

Proof. Let {u;};c[n) be an orthonormal eigensystem for .J,,/n, with the corresponding eigenvalues A; €
{0,1}. For ¢ € [n], let M (i) = A+ A\;B. If v is a A-eigenvector of M (i), then v ® u; is a A-eigenvector of
M,,. These derived eigenvectors span the whole (¢n)-dimensional space, and hence the set of eigenvalues
of M,, does not depend on n. O

Essentially, the above argument works because I,, and J,,/n commute and have spectra independent
of n.
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General approach Now, we describe a general approach to span program implementation. After
that, we apply it to the span programs in the proofs of Theorems [6.1] and

In a time-efficient implementation, we do not allow free input vectors. As described in Section B.3.4]
the implementation of free input vectors accounts for a projection, and we do not want to change the
way our vectors are represented in the vector space. Instead of that, we allow always available input
vectors. They have the same functionality as free input vectors, but they are not free. One possible
interpretation is that all input strings are extended with a new variable zg with value 0. Then, always
available input vectors may be considered as labelled by the value 0 of zy. More interestingly, we also
find use of never available input vectors. They may be interpreted as labelled by the value 1 of z.

We require some notations from the proof of Theorem B 43l Recall that {v;};cz are the input vectors
of the span program, Zop = Z U {0}, and vp = 7/« is an additional input vector, where 7 is the target
vector and a € R. The algorithm runs in the vector space RZ0 and uses two reflections R and Ryy. The
first one, Ry = 2A — I, where A is the projector onto the kernel of the d x Zy matrix Vv having {v; }iez,
as its columns. The second reflection, Ry, reflects about the span of the elements of the computational
basis corresponding to the available input vectors.

At first, we are free to replace the matrix V by a matrix V’ obtained by a rescaling of the rows
(indeed, this does not affect the kernel). Next, inspired by the MNRS quantum walk from Section 2.3.2]
we “factor” V' into two sets of unit vectors as follows. Let unit vectors ay € Hx, one for each row k € [d],
and b; € Hy, one for each column i € Zy, be such that ay[i]b;[k] = V'[k, ] for all k and .

Algorithm B] uses an Zy-qudit X. We add a d-qudit Y. Denote by {e;} and {h;} the standard bases
of RTo and R?, respectively, and let

A= Z (ar ® hi)h}, and B= Z(ei ® b;)er.

keld] i€To

Thus, the linear operators A and B, map R? and R0, respectively, into H = R? ® R%. The quantum
algorithm runs in H and we identify R%° from the algorithm of Theorem B.43 with its image under the
isometry B.

Then, Ry can be implemented in im(B) by exactly the same procedure as in Algorithm Bl applied
to the register X. As in Section 231 we denote Ry = 2AA* — Iy and R = 2BB* — Iy. The reflection
R, can be implemented on im(B) as the reflection about the (—1)-eigenspace of RgR4. Indeed, the
corresponding discriminant matrix D = A*B = V', and by Lemma 222 the (—1)-eigenspace equals
B(ker V') plus a part that is orthogonal to im(B) and, therefore, irrelevant.

The reflection about the (—1)-eigenspace of RpR4 can be implemented using the phase detection
subroutine, Theorem 2Tl applied to —RgR 4. The efficiency depends on two factors:

1. The implementation costs of R4 and Rp. They can be easier to implement than R, directly,
because they decompose into local reflections. The reflection R4 about the span of the columns
of A equals the reflection about a; controlled by the index of the column ¢, and similarly for Rp.

2. The spectral gap around the (—1)-eigenvalue of RgR 4 necessary to implement the reflection about
the eigenspace. By Lemma [2.22] this gap is determined by the spectral gap of D = V' around the
singular value zero.

Proof of Theorem So far the arguments have been general. Let us now specialise to the span
programs in Theorems [G.1] and These span programs are sufficiently uniform that neither of the
above two factors is a problem. Both reflections can be implemented efficiently, in poly-logarithmic time.
Similarly, we can show that D = A*B has an (1) spectral gap around singular value zero. Therefore,
approximating to within an inverse polynomial the reflection about the (—1)-eigenspace of RgR 4 takes
only poly-logarithmic time. We give the proof for the algorithms from Theorems and The
argument for st-connectivity, Theorem [G.1] is similar and actually easier.

Both algorithms look similar. In each case, the span program is based on the graph H, whose vertices
form an orthonormal basis for vector space of the span program. The vertices of H can be divided into a
sequence of layers that are monochromatic according to the colouring ¢ induced from G. The edges only
go between consecutive layers. Precisely, place the vertices s and ¢ each on their own separate layer at
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the beginning and end, respectively, and set the layer of a vertex v to be the distance from s to ¢(v) in
the graph H for the case that G = T'. For example, in the span program for detecting a subdivided star
with branches of lengths {¢1,...,¢;}, there are £ = 3+2 Zje[d] ¢; layers, because the s-t path is meant to
traverse each branch of the star out and back. There are ¢ = 6 layers of vertices for the triangle-detection
span program.

In order to facilitate finding factorisations {ax} and {b;} such that R4 and Rp are easily imple-
mentable, we make two modifications to the span programs.

First, the span programs, as presented, depend on the random colouring ¢ of G. This dependence
makes it difficult to specify a general factorisation of V. To fix this, we add dummy vertices so that
every layer becomes of size n. More specifically, each vertex k of the graph H is represented by a tuple
(j,0), where j € [¢] denotes the layer of the vertex, and o € [n] denotes the index of the vertex of G that
corresponds to k. Thus, a vertex (j,0) is not dummy if ¢(o) equals the colour of the layer j. Special
vertices s and ¢ are represented by (1,1) and (¢, 1), respectively. All other vertices in the layers 1 and ¢
are dummy.

We fill in the graph with never-available edges between adjacent layers, including between the layers
of s and ¢, so that every vertex has degree exactly 2n. If the edges in two layers are paired, then pair
the corresponding newly added edges; each edge pair corresponds to one never-available, four-term input
vector.

Second, we scale the input vectors corresponding to paired edges down by a factor of /2. This is
performed to ensure that ||b;|| = 1, independently of whether b; corresponds to a two-term or to a four-
term input vector. We connect s and ¢ by two edges. The first one corresponds to the scaled target vector
vg =7 = (hy — hs)/a. The second one corresponds to a never-available input vector /1 — 1/a?(h; — hs).
We may assume that o = C;4/W; > 1. (Thus, s and ¢ have degree 2n + 1.)

It is easy to verify that the span program after this transformation still computes the same function,
and the positive and the negative witness sizes remain O(1) and O(n?), respectively. After the mod-
ifications, the graph H has a simple uniform structure that allows for facile factorisation. There is a
complete bipartite graph between any two adjacent layers.

We specify the vector a; for each vertex k of the graph H. For k ¢ {s,t}, let ax be the vector
with uniform 1/v/2n coefficients for all incident edges. For k € {s,t}, let ai have coefficients 1/(a/2n)
and /(1 —1/a2)/(2n) for the two edges between s and ¢, and coefficients 1/v/2n for the other 2n — 1
edges. For each input vector i, we specify the vector b;. If ¢ corresponds to an ordinary edge kiko, then
bi = (hi, —hi,)/V/2. If i corresponds to a pair of edges ki ko and ksky, then b; = (hg, —hiy +hg, —hi, ) /2.
That is, for any input vector v;, except those connecting s and ¢, b; = v;/ V2. Thus we get a factorisation
of V' = ﬁ‘ﬂ ie., ari]bi[k] = ﬁV[{k,i]] = ﬁvl[[k]]

Let us analyse the spectral gap around zero of D(A, B) = A*B = V’. The non-zero singular values
of V' are the square roots of the non-zero eigenvalues of A = V/(V’)*. The matrix A has its rows and
columns labelled by the vertices of H, and

ALk, K] = % S oulklos¥']

1€Zp

We compute A. Let A(j,7’) be the n x n submatrix of A between vertices at layers j and j'. To calculate
A(j,7"), we consider separately the contributions from all of the different layers of input vectors.

e Ordinary edges between adjacent layers j and j + 1 contribute i]n to A(j,7) and A(j+ 1,5+ 1),
and —7-J,, to A(j,j 4+ 1) and A(j + 1,7). Indeed, for the contribution to A(j, ), observe that
any vertex k = (j,0) has n incident ordinary edges to the layer j + 1, and each incident edge i

contributes -v;[k]* = £ to A(j,j)[o,0]. There is no edge involving vertices (j,0) and (j,0")

with o # ¢/, but for any 0,0’ € [n], there is exactly one ordinary edge from (j,o) to (j + 1,0'),

and it contributes — - to A(j, j + 1)[o, o’].

Even though s and ¢ are connected by two edges, the same calculations hold for the edges between
their layers.

e Consider a set of paired edges, that go out from layer j to j + 1, and then return from layer j’

to j/ 4+ 1. Each input vector v; is of the form %( — o)+ (G +1,0) = (,0) + (j +1,0)).
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The contributions of these paired edges to the sixteen blocks A(ja,jg) are given by the 4 x 4 block

matrix . . L .
gIn *Sian %Jn *g-[n
Ll i _1r 17
81n n ? n 81 n 81” n
%Jn _gln gIn _%Jn
1 1 1 1

That can be checked similarly to the previous point.

Observe that A is a constant-sized block matrix, where each block is the sum of a constant multiple
of I, and a constant multiple of J,,/n. By [67] the set of eigenvalues of A does not depend on n. In
particular, it has an Q(1) spectral gap from zero, as desired.

We now show that both R4 and Rp can be implemented efficiently. One possible implementation
is given in Algorithm As described earlier, the algorithm works in the space spanned by vectors
e; @ hy, where ¢ varies over input vectors and the target vector, and k varies over vertices of the graph
H. Moreover, only those e; ® hy are used, where the edge i is incident to the vertex k. We represent
such pairs (i, k) using four registers: LUVD.

e The register L stores the layer &k belongs to, it is an integers in [¢].
e U stores the index of the vertex in G that corresponds to k: an element of [n].

e V stores the index of the vertex in GG that corresponds to the second end-point of ¢. It is again an
elements of [n], but we also use 0 for the second edge between s and ¢.

e D contains 0 or 1. The value 0 indicates that 7 goes to the previous layer, and 1 indicates that 4
goes forward.

Thus, each edge of H is represented by two elements of the computational basis: |j)|o)ule")v|1)p
and |j + 1) |o")ylo)v]|0)p. The second edge between s and ¢ is represented by |1)|1)y|0)v|0)p and
[6)1|1)y]0)v|1)p. Additionally, we use a temporary register T that stores number 0, ..., 4.

We start with the description of R4. For each k = (j,0) € [¢] X [n], except s = (1,1) and t = (¢, 1),
the vector |ax)x|k)y from the general approach corresponds to the uniform superposition of the states
l9)Llo)ulo’)v|d)p where o ranges over [n], and d ranges over {0, 1}. So, the reflection is a Grover diffusion
operation. For (j,0) = (1,1) = s, we perform a similar operation.

Consider the implementation of Rg now. For layers j and j + 1 with only ordinary edges between
them, it suffices to apply the reflection to all pairs |j,0,0’,1), and |j + 1,0’,0,0). For paired layers, the
reflection is performed in a four-dimensional subspace.

Finally, for the implementation of Ry we need to clarify the use of the random colouring. One solution
is to generate random numbers classically, and provide them in the form of an oracle mapping o € [n]
to the colour of vertex o. This requires a QRACM array of size ©(n). For Theorem [6.3] however, one
can reduce the space complexity to O(logn), by using a C-uniform hash function family from [n] to [C],
where C is the total number of colours. If necessary, we may assume that n and C are powers of two.
C-wise independence is enough for the proof. For Theorem .5 this does not work, though, because we
need to ensure that the negative witness size is small with high probability.

Consider layer j that corresponds to colour ¢. A vertex (j,o) corresponds to vertex o of G if and
only if it has colour ¢. Otherwise, it is a dummy vertex. To check whether the edge is available, the
algorithm first checks whether its both end-points have correct colours. If they do, the algorithm queries
the input oracle for the availability of the edge in GG. If the edge is available, it does nothing. In all other
cases, it negates the phase of the state. O

6.5 Summary
In this chapter, we applied the technique of span programs to some graph problems. Span programs

provide greater flexibility compared to the dual adversary SDP. This makes it easier to grasp the con-
struction of the algorithm, and the algorithm itself is also easier to implement time-efficiently.
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We mostly focused on minor-closed forbidden subgraph properties. We implemented a tight quantum
algorithm for subgraph detection, where the subgraph is either a path of a fixed length, or a fixed
subdivision of a claw. The algorithm is tight from all points of view: query, time and space. Actually,
its asymptotic complexity is the same as for the Grover’s algorithm. The case of general minor-closed
FSP is still open, however, it is likely that similar techniques can be used to solve it.

Informally, our algorithm is a variant of “quantum dynamic programming”, as it is based on a classical
algorithm that heavily uses dynamic programming. However, our dynamic programming is more limited
than its classical analogue, and requires additional tricks as the paired-edge technique, for instance. It
would be interesting to understand whether it can be used to solve other problems approachable with
dynamic programming.

The method of time-efficient span program implementation in Section [6.4] is rather general and can
be applied to other problems. However, we feel that the direct application of the effective spectral gap
lemma, as in the next chapter, has greater potential.
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Algorithm 6.1 Efficient implementation of path and claw detection

1

2:

11:
12:
13:
14:
15:

16:
17:

: quprocedure ReflectionAbout im(A) :
attach register T, qubit Z
Apply (—1)-phase gate
conditioned on V=0: Z |
conditioned on Z=0:
for j such that layers j and j + 1 are connected by ordinary edges :
PrepareLayer(j, 1, 2)
perform reflection about the orthogonal complement of [1)t — |2)T
PrepareLayer—1(j, 1, 2)
for j,j' such that layers 7,5 + 1,5’ and j' 4+ 1 are connected by paired edges :
PrepareLayer(j, 1, 2), PrepareLayer(j, 4, 3)
perform reflection about the orthogonal complement of [1)t — |2)1 + |3}t — |4)T
PrepareLayer—!(j, 4,3) PrepareLayer—'(j, 1, 2)
conditioned on Z=1:
reflect about the orthogonal complement of |1)|1)y|0)v|0)p — [€)L|1)u|0)v|1)p
conditioned on V=0:Z+— 1
detach T, Z

18:

20:
21:

22:
23:
24:

: quprocedure PrepareLayer(integers j, a, b) :
conditioned onL=jand D=1: T da
conditioned onL=j+1and D=0: I(L b
conditioned on T=a: L+—j
conditioned on T = b :

Swap(U, V), D«—1, L« (j+1)

25:

26

27:
28:
29:

: quprocedure ReflectionAbout im(B) :

PrepareVertex !

conditioned on not (U= D =0) : apply (—1)-phase gate
PrepareVertex

30:

31

32:
33:
34:
35:

: quprocedure PrepareVertex :

UniformSuperposition(D)

UniformSuperposition(V)

conditioned on (U=1and D=0)or (U=¢and D=1):

transform |1)y — /1 — 1/a2|0)y + a|1)y




Chapter 7

Electric Networks and Quantum
Walks

In Chapter Bl we mentioned two main paradigms of quantum walks: the Szegedy-type quantum walk,
Theorem 225 and the MNRS quantum walk, Theorem Both of these paradigms assume that the
walk is started in the stationary distribution. Moreover, the MNRS type quantum walks require spectral
analysis of the underlying graph. This poses some problems for potential applications. Firstly, preparing
the stationary distribution can be a limitation if the graph is complex or not given in advance. Also,
spectral analysis usually requires non-trivial tools from linear algebra. We would like to apply more
combinatorial techniques that are closer to the nature of the problem.

The main result of this chapter is the generalisation of the Szegedy’s algorithm to arbitrary initial
distribution. The analysis of the resulting algorithm does not require any spectral analysis. In order to
achieve this, we add two new ingredients to the analysis of Szegedy-type quantum walks:

Electric Networks. A point of view on a graph as an electric network has turned out very fruitful
in the analysis of classical random walks [53] [32]. But it seems to be completely ignored in the
analysis of quantum walks. The analysis in Chapter 2l relies solely on the spectral properties of the
graph.

Effective Spectral Gap Lemma. We saw the power of the effective spectral gap lemma,
Lemma 341l in the proofs of Theorems [3.43] and We show that the lemma can be also
applied for general quantum walks.

We give two examples of application of this quantum walk. In Section [£2] we show how a general
learning graph from Chapter @ can be implemented as a quantum walk. In Section [ 4] we use these ideas
in a time-efficient quantum algorithm for 3-distinctness. The last example is interesting as a quantum
walk on a graph not given in advance. This is at the very heart of classical random walks: Since only
local information is required to implement a random walk, they are often used to traverse graphs whose
global structure is unknown (see, e.g., [3, 119]). Quantum walks require more global information than
the classical ones, and they are usually used for graphs known in advance like for the Johnson graph in
Section 2.3.31

This chapter is based on the pre-print

[23] A. Belovs. Quantum walks and electric networks. 2013, arXiv:1302.3143.
The preprint has been merged with [47] when accepted to the conference, resulting in the publication

[24] A. Belovs, A. M. Childs, S. Jeffery, R. Kothari, and F. Magniez. Time-efficient quantum walks for
3-distinctness. In Proc. of 40th ICALP, Part I, volume 7965 of LNCS, pages 105-122. Springer,
2013.

The chapter is organised as follows. In Section [[Il we recall the relations between classical hitting
time and electric resistance of a graph. In Section [[.2] we prove the main result, and in Section [Z.3] give

136
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an application to learning graphs. In Section [[.4] we apply the new quantum walk algorithm for the
3-distinctness problem.

7.1 Random Walks and Electric Networks

Recall the main definitions from Section [ZIl1 Let G = (V, E) be a simple undirected graph with each
edge assigned a weight we > 0. Let W = 3 __pwe be the total weight. Consider the following random
walk on G: If the walk is at a vertex u € V', proceed to a vertex v with probability proportional to we,,
ie., Wuo /(D ypep Wue)- The random walk has the stationary probability distribution ™ = () given by
Tu = D yver Wuv/(2W). One step of the random walk leaves 7 unchanged.

Let 0 = (0y,) be an initial probability distribution on the vertices of the graph, and let M C V be some
set of marked vertices. We are interested in the hitting time H, pr of the random walk: the expected
number of steps of the random walk required to reach a vertex in M when the initial vertex is sampled
from o. If o is concentrated in a vertex s € V', or M consists of a single element ¢ € V', we often replace
o by s or M by t. For instance, we have H; ps = ZuEV oy v The commute time between vertices s
and t is defined as H,; + H; 5. We usually assume that G and o are known, and the task is to determine
whether M is non-empty by performing the random walk.

Assume M is non-empty, and define a flow on G from ¢ to M as a real-valued function p. on the
(oriented) edges of the graph satisfying the following conditions. At first, pyy = —puu. Next, for each
non-marked vertex u, the flow satisfies

Ou= Y Puv- (7.1)

That is, o, units of the flow are injected into w, it traverses through the graph, and is removed in a
marked vertex. Define the energy of the flow as

> @. (7.2)

w
ecE €

Clearly, the value of (7.2]) does not depend on the orientation of each e. The effective resistance R, ar is
the minimal energy of a flow from ¢ to M. For R, as for H, we also replace ¢ and M by the corresponding
singletons. The resistance R,y equals the energy dissipated by the electric flow where the edges have
conductance w,, o, units of the current are injected into each u, and then collected in M [32]. The
following two results can be easily obtained from the results in [44]:

Theorem 7.1. If G, w, W are as above, s, t are two vertices of G, M C V', and 7 is the stationary
distribution on G, then

(a) the commute time between s and t equals 2W R +;
(b) the hitting time Hy pr equals 2W Ry p.

We show that we obtain a quadratic improvement in the quantum case: If G and o are known in
advance and the superposition ) i /0y |u) is given, the presence of a marked vertex in G can be
determined in O(vVW R) steps of the quantum walk. By combining this result with the second statement
of Theorem [.1], we obtain Theorem

7.2 Quantum Walk

In this section, we construct a quantum counterpart of the random walk in Section [l The quantum
walk differs slightly from the quantum walk by Szegedy. The framework of the algorithm goes back
to [14], and Lemma B4T] is used to analyse its complexity. We assume the notations of Section [T]
throughout the section.

It is customary to consider quantum walks on bipartite graphs, so we assume the graph G = (V, E)
is bipartite with parts A and B. Also, we assume the support of ¢ is contained in A, i.e., o, = 0 for
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all w € B. These are not very restrictive assumptions: If either of them fails, consider the bipartite
graph G’ with the vertex set V' =V x {0, 1}, the edge set E' = {(u,0)(v, 1), (u,1)(v,0) | uv € E}, edge
weights wzu’o)(v’l) = wzu D(w,0) = Wuvs the initial distribution O‘Eu’o) = 0., and the set of marked vertices
M" = M x {0,1}. Then, for the new graph, W’ = 2W, and R, 5, < R, m-

We assume the quantum walk starts in the state ¢ = ) -, /0y |u) that is known in advance. Also,
we assume there is an upper bound R known on the effective resistance from o to M for all possible sets
M of marked states that might appear.

Now we define the vector space of the quantum walk. Let S be the support of o, i.e., the set of
vertices u such that o, # 0. The vectors {|u) | u € S} U{|e) | e € E} form the computational basis of
the vector space of the quantum walk. Let #H, denote the local space of u, i.e., the space spanned by
|uv) for uv € E and, additionally, |u) if u happens to be in S. We have that P, 4 H. equals the whole
space of the quantum walk, and @,z H. equals the subspace spanned by the vectors |e) for e € E.

Let Ig be the identity operator on S. The step of the quantum walk is defined as RpR 4, where
Ra= EBueA D,and Rg =1Is® @ueB D, are the direct sums of the diffusion operations. Each D, is a
reflection operation in H,. Hence, all D,, in R4 (or Rp) are performed in orthogonal subspaces, which
makes them easy to implement in parallel. They are as follows:

e If a vertex u is marked, then D, is the identity, i.e., the reflection about H,;

e If u is not marked, then D, is the reflection about the orthogonal complement of v, in H,,, where

=GR )+ X Vi ) (73)

uwveE

for some large constant C; > 0 we choose later. This definition also holds for u ¢ S: For them, the
first term in (T3] disappears.

Similarly as in Chapter 2l we have the set-up procedure that prepares the state ¢, and the check
procedure that, given a vertex u of the graph, returns 1 iff v is marked. Similarly to the proof of
Theorem [2.26] we ignore the data register and the update operation in our analysis, although, an actual
implementation would require them.

Algorithm 7.1 The quantum walk algorithm. Here, C' is some constant to be specified later.

1: function QuantumWalk(quprocedures Setup, Check, reals R, W, register X) with error 1/3 :
2: attach qubit b

3: Setup(X)
b <~ Check(X)
5: measure b
6: ifb=1: return 1

7: return NOT(PhaseDetection(RgR 4, 1/(Cv RW), X)) with precision 1/6

Theorem 7.2. Algorithm[71] detects the presence of a marked vertex with probability at least 2/3. The
algorithm uses O(v RW) steps of the quantum walk.

Proof. The second statement follows immediately from Theorem 2.T1l Let us prove the correctness. The
only purpose of Lines PH@l is to ensure that S is disjoint from M, that will be needed in our analysis. If
a vertex in the initial distribution is marked with probability at least 2/3, then this is detected at Line
with the same probability, and we are done. So, assume this probability is less than 2/3, and the value
of b in Line[@ is 0. Then, the state of the algorithm collapses to a state ¢’ with the support disjoint from
M, and Ry pr < 9R. Thus, we may further assume that S is disjoint from M.

Let us consider Line [] of the algorithm. We start with the case when M is non-empty. Let p. be a
flow from o to M with energy at most R. At first, using the Cauchy-Schwarz inequality and that S is

disjoint from M, we get
2
RW > (Z pe) (Z w) > [pel > 1. (7.4)

We
eckE ecE ecE
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Now, we construct a 1-eigenvector

6=VORY Vol -3 L)

of RgR4 having large overlap with ¢ (assume the orientation of each edge e is from A to B.) Indeed,
by (1), ¢ is orthogonal to all v, hence, is invariant under the action of both R4 and Rp. Moreover,
61> = CrR+ " cp P2/ we, and (¢,<) = v/C1R. Since we assumed R > Y, p?/we, we get that the

normalised vector satisfies
¢ [ Ci
) >y ——. 7.5
< lloll > 1+C (7.5)

Now consider the case M = ). Let w’ be defined by

of = M(ZS G+ YV a).

eckE

Let IT4 and ITg be the projectors onto the invariant subspaces of R4 and Rp, respectively. Since S C A,
we get that IIqw’ = 0 and IIgw’ =¢. Also,

Jw/|* =" ou+CiRY_ we =1+ CLRW,
ues ecE

hence, by Lemma [3:41] we have that, if
1

Co/1+ C1RW

for some constant Co > 0, then the overlap of ¢ with the eigenvectors of Rg R4 with phase less than 4 is
at most 1/(2Cs). Comparing this with (), we get that it is enough to execute phase estimation with
precision § if C7 and Cs are large enough. Also, assuming C; > 1, we get § = Q(1/vVRW) by (C4)). O

7.3 Application: Learning Graphs

As an example, we give a third proof of Theorem .11l Recall that the second proof in Section gives
a reduction from a learning graph to a dual adversary SDP. The latter then can be implemented using the
algorithm in Theorem However, this double reduction results in a complicated quantum algorithm
that is hard (if not impossible) to implement time-efficiently. In this section, we give a direct reduction
from a learning graph to a quantum walk. The walk is quite similar to the one in Proposition

We shortly remind the main definitions from Chapter @l A learning graph computes a function
f:[g)N 2D — {0,1}. Vertices of the graph are subsets of [n], and the edges are between vertices S and
SU{j} for some S C [n] and j € [n]\ S. The initial distribution ¢ is concentrated on the vertex ). For
each positive input x € f~1(1), a vertex S is marked if and only if it contains a 1-certificate for z, i.e.,
f(z) =1 for all z € D such that z¢ = 5. The complezity of the learning graph is defined as vWR in
the notations of Section [T

The learning graph is a bipartite graph: the part A contains all vertices of even cardinality, and the
part B contains all vertices of odd cardinality. Also, the support of o is concentrated in A. Hence,
the algorithm from Section can be applied, and the presence of a marked vertex can be detected
in O(VWR) steps of the quantum walk. It suffices to show that one step of the quantum walk can be
implemented in O(1) quantum queries.

This can be done using standard techniques. Let z be the input string. The quantum walk has two
registers: the data register D, and the coin register C. The states of the first register are of the form |S)p
for some S C [n]. The register contains the description of the subset S, the values of z; for j € S, and
some ancillary information. Because of the interference, it is important that |S)p is always represented
in exactly the same way that only depends on S and the input string z. (Most of classical data structures
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do not satisfy this condition.) The second register stores an element j € [n]. A state |S)p|j)c represents
the edge of the learning graph connecting subsets S and S A {j}, where A stands for the symmetric
difference. Additionally, there is the state |@) orthogonal to all |S)p|j)c. It corresponds to the initial
vertex () of the quantum walk.

The step of the quantum walk is performed as follows. Start with a superposition of |§}) and the states
of the form |S)p|j)c with S in A. At first, perform the reflection R4 as described in Section It is
possible to detect whether S is marked by considering the values z; stored in |S)p, and ¢g from (Z3)
does not depend on the input. Hence, this operation does not require any oracle queries. Next, apply the
update operation that maps |S)p|j)c into |S A {j})plj)c. This represents the same edge, but with the
content of the data register in B. The update operation requires one oracle query in order to compute
or uncompute z;. After that, perform Rp similarly to R4, and apply the update operation once more.
Hence, one step of the quantum walk requires O(1) oracle queries, and f(z) can be computed in O(vVW R)
quantum queries.

7.4 Application: 3-Distinctness

In Section [Z.3] we demonstrated that the quantum walk algorithm from Section can be used to
implement learning graphs. In this section, we show an example slightly beyond the scope of learning
graphs.

Recall the k-distinctness problem from Definition So far, we have seen two quantum algo-
rithms for this problem. The first one is from Corollary EZ31] and uses O(N*®/(*+1)) queries. This
algorithm can be implemented time-efficiently. In Theorem (53] we saw a quantum algorithm that re-
quires O(Nl_Qkfz/(Qk_l)) queries. For k = 3, this gives a quantum O(N°/T) query algorithm. However,
it seems unlikely that this algorithm can be implemented time-efficiently.

In this section, we describe a quantum algorithm for 3-distinctness having the same time complexity
up to polylogarithmic factors. This is a different algorithm, and it is based on ideas from [25]. Formally,
we prove the following result.

Theorem 7.3. The 5-distinctness problem can be solved by a quantum algorithm in time O(N5/7) using
quantum random access quantum memory (QRAQM) of size O(N®/T).

Recall that the algorithm from Corollary 2-31] consists of two phases: the set-up phase that prepares
the uniform superposition, and the quantum walk itself. Our algorithm also consists of these two phases.
Interestingly, in our case, the analysis of the quantum walk is quite simple, and can be easily generalised
to any k. It is the set-up phase that is hard to generalise. The case of kK = 3 has a relatively simple ad
hoc solution that we describe in Section [[.4.3]

We note that there exists an alternative time-efficient quantum algorithm for the 3-distinctness prob-
lem by Childs, Jeffery, Kothari and Magniez [47]. It is based on an MNRS-type quantum walk. The
algorithm has a similar set-up phase as ours, but a more complicated quantum walk phase, that is hard
to generalise to arbitrary k.

7.4.1 Technicalities

We start the section with some notations and algorithmic primitives we need for our algorithm. For
more detail on the implementation of these primitives, refer to the paper by Ambainis [I0]. Although
this paper does not exactly give the primitives we need, it is straight-forward to apply the necessary
modifications, so we don’t go into the detail.

Recall the settings in the k-distinctness problem. We are given a string z € [¢]V. A subset J C [N]
of size ¢ is called an ¢-collision iff z; = z; for all 4,57 € J. In the k-distinctness problem, the task is
to determine whether the given input string contains a k-collision. Inputs with a k-collision are called
positives, the remaining ones are called negative.

Again, we may assume that any positive input contains exactly one k-collision. Also, we may assume
there are Q(N) (k — 1)-collisions in any input. For a subset S C [N] and i € [k], let S; denote the set of
j € S such that |{j’ € S| zj» = z;}| = i. Denote r; = |S5;|/i, and call 7 = (r1,...,7y) the type of S.



CHAPTER 7. ELECTRIC NETWORKS AND QUANTUM WALKS 141

Our main technical tool is a dynamical quantum data structure that maintains a subset S C [N] and
the values z; for j € S. We use notation |S)p to denote a register containing the data structure for a
particular choice of S C [N].

The data structure is capable of performing a number of operations in polylogarithmic time. The
initial state of the data structure is |@)p. The update operation adds or removes an element: |S)p|j)|z;) —
[SA{7})pl7)]0). Recall that A stands for the symmetric difference. There is a number of query operations
to the data structure. It is able to give the type 7 of S. For integers i € [k] and ¢ € [|S;|], it returns the
lth element of S; according to some internal ordering. Given an element j € [N], it detects whether it
is in S, and if it is, returns the tuple (i, £) such that j is the ¢th element of S;. Given a € [¢], it returns
1 € [k] such that a equals to a value in S; or says there is no such i.

The data structure is coherence-friendly, i.e., a subset S will have the same representation |S)p inde-
pendently of the sequence of update operations that results in this subset. Next, it has an exponentially
small error probability of failing that can be ignored. Finally, the implementation of this data structure

requires QRAQM.
7.4.2 Quantum Walk
In this section, we describe the quantum walk part of the algorithm. Formally, it is as follows.

Lemma 7.4. Let rq,...,7._1 = o(N) be positive integers, z € [q|N be an input for the k-distinctness

problem, and Vy be the set of S C [N] having type (r1,...,7k—-1,0). Given the uniform superposition
1 . . . . . . ~ .

¢ = mZSGVo |S), it is possible to solve the k-distinctness problem in O(N/y/min{ri,...,7%—1})

quantum time.

Proof. As mentioned in Section [[L4.J] we may assume that any input contains at most one k-collision
and Q(N) (k — 1)-collisions. Define ri, = 0, and the type 7; as (r1,...,7i—1,7 + 1,741,...,7%) for
1 € {0,1,...,k}. Let V; be the set of all S C [N] having type 7;. It is consistent with our previous
notation for Vy. Denote V =, V;. Also, for i € [k], define the set Z; of dead-ends consisting of vertices
of the form (S, j) for S € V;_; and j € [N] such that S A {j} ¢ V. Again, Z =, Z;.

The vertex set of G is VU Z. Each S € V' \ V}, is connected to N vertices: one for each j € [N]. If
S A{j} € V, it is the vertex S A {j}, otherwise, it is (S,j) € Z. A vertex S € Vj is connected to k
vertices in Vj_; differing from S in one element. Each (S, ) € Z is only connected to S. The weight of
each edge is 1. A vertex is marked if and only if it is contained in Vj.

Algorithm [[Tlis not directly applicable here because we do not know the graph in advance (it depends
on the input), nor do we know the amplitudes in the initial distribution ¢. However, we know the graph
locally, and our ignorance in the amplitudes of ¢ conveniently cancels out with our ignorance in the size
of G.

Let us briefly describe the implementation of the quantum walk on G following Section Let
G = (VU Z, E) be the graph described above. It is bipartite: The part A contains all V; and Z; for 4
even, and B contains all V; and Z; for ¢ odd. The support of ¢ is contained in A. The reflections R4 and
Rp are the direct sums of local reflections D,, over all u in A and B, respectively. They are as follows:

o If u € Vi, then D, is the identity in H,.
o If u € Z;, then D, negates the amplitude of the only edge incident to u.

o If u € V; for i < k, then D, is the reflection about the orthogonal complement of , in H,. If
u € Vp, or u € V; with ¢ > 0, then 1, is defined as

1
wu = 7/7|u> + Z |’LL’U>, or wu = Z |’U,’U>,
Cl uwveE uveE
respectively. Here, C is a constant.

The space of the algorithm consists of three registers: D, C and Z. The data register D contains the
data structure for S C [N]. The coin register C contains an integer in {0,1,..., N}, and the qubit Z
indicates whether the vertex is an element of Z. A combination |S)p|0)c|0)z with S € Vj indicates a
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vertex in Vp that is used in ¢. A combination |S)p|j)c|0)z with j > 0 indicates the edge between S and
S A{j} or (S,j) € Z. Finally, a combination |S)p|j)c|l)z indicates the edge between (S,j) € Z and
SeV.

Similarly to Section [Z.3] the reflections R4 and Rp are broken down into the diffuse and update
operations. The diffuse operations perform the local reflections in the list above. For the first one,
do nothing conditioned on |S)p being marked. For the second one, negate the phase conditioned on Z
containing 1. The third reflection is the standard Grover diffusion with one special element if S € V.
Similarly to Algorithm [I] the orientation of the edges may be ignored because the graph is bipartite.

The update operation can be performed using the primitives from Section [[AIl Given |S)p|j)c|b)z,
calculate whether S A {j} € V in a fresh qubit Y. Conditioned on Y, query the value of z; and perform
the update operation for the data structure. Conditioned on Y not being set, flip the value of Z. Finally,
uncompute the value in Y. On the last step, we use that |S)p|j)c represents an edge between vertices in
V if and only if |S A {j})p|j)c does the same.

After we showed how to implement the step of the quantum walk efficiently, let us estimate the
required number of steps. The argument is very similar to the one in Theorem Let us start with the
positive case. Assume {ayg,...,a;} is the unique k-collision. Let Vj denote the set of S € Vj that are
disjoint from {a1,...,ax}, and o’ be the uniform probability distribution on Vj. Define the flow p from
o’ to Vj, as follows. For each S € V; such that i < k and SN M = {aq,...,a;}, define flow p. = 1/|V]
on the edge e from S to SU {a;+1} € Viy1. Define p. = 0 for all other edges e. Let

@Z ||S > pele).
SGV’ ecE

This vector is orthogonal to all v, hence, is invariant under the action of RgR4. Also, ||¢|* = (k +

C1)/|Vg), and (¢, <) = v/C1/|Vol. Hence,

A G|Vl
lloll’ (k+ Ch) |V0 k+01

where ~ stands for the asymptotic equivalence as N — oo.

In the negative case, define
=T (s T,
<Sev ¢ e€E

Similarly to the proof of Theorem [[.2] we have that IIjw’ = 0 and IIgw’ = .

Let us estimate ||w’|]. The number of edges in E is at most N times the number of vertices in
VoU---UVi_1. Thus, we have to estimate |V;| for i € [k — 1]. Consider the relation between Vj and
V; where S € Vy and S’ € V; are in the relation iff S”\ S consists of i equal elements. Each element
of Vp has at most N (kl_.l) = O(N) images in V; because there are at most N maximal collisions in the

input, and for each of them, there are at most (’c i 1) variants to extend S with. On the other hand, each
element in V; has exactly r; + 1 preimages in Vy. Thus, |V;| = O(N|V,|/r;). Thus,

|w']| = O (\/l—i—N/rl —|—N/r2-|-..--|-N/rk_1> =0 (N/\/min{rl,...,rk_1}>.

By Lemma BAT] we have that if § = Q(1/||w’||), then the overlap of ¢ with the eigenvectors of RpRa
with phase less than § can be made at most 1/C5 for any constant Co > 0. Thus, it is enough to execute
the phase estimation with precision § if C; and Cy are large enough. By Theorem 2.11] this requires
O(N/+/min{r1,...,r,_1}) iterations of the quantum walk. O

7.4.3 Preparation of the Initial State

Now we describe how to generate the uniform superposition ¢ over all elements in V{ from the formulation
of Lemma [ efficiently in the special case of k = 3. Let us denote r = N°/7 and ro = N*/7. We start
under the assumption the input is negative.
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Prepare the state (T{\i)_l/2 > s.5]=r, [S)p in time O(ry). This is very similar to the algorithm by

Ambainis, and we omit the details. Measure the type of S. The state of the algorithm collapses to the
uniform superposition of the subsets of some type 7 = (t1,t2). Unfortunately, with high probability, to
will be of order 72 /N that is much smaller than the required size 5.

We enlarge the size of S5 by using the Grover search repeatedly. For each S in the superposition,
apply the Grover search over [N]. An element j € [N] is marked iff j ¢ S and z; is equal to an element
in S;. This can be tested using the primitives from Section [[AT]l If the Grover search fails, repeat it
from the current state. If the search succeeds, the state is a superpositon of states of the form |S)p|j).
Query the value of z;, and update the data structure. This gives a superposition over |[SU{j})p|j). Let
S’ =S U{j}. Apply the primitive that transforms j into its number in S5. This gives a superposition
over |S")pli) where i € [|S5]]. We show in a moment that, for a fixed ', all states |S’)p|i) have the same
amplitude, hence, the second register can be detached.

A typical subset has Q(r1) elements in S; that can be extended to a 2-collision, hence, the Grover
search requires O(1/N/ry) iterations. As we load O(ry) additional elements, the time spent during the
Grover search is O(ra\/N/r1).

Now assume each S contains 7o 2-collisions. Unfortunately, the state is not the uniform superposition
we require for the quantum walk in Lemma [l But due to symmetry, at any place in the algorithm,
the amplitude of a subset S only depends on the number of elements in S; that can be extended to
a 2-collision. This shows that, indeed, the second register can be detached after the Grover search.
Moreover, this gives us a way to generate the uniform superposition we require.

We measure the content of S7. Let B be the outcome. The state collapses to the uniform superposition
over subsets So consisting of ry 2-collisions not using the values in B. Then, we repeat the first step, i.e.,
for each S, we construct the uniform superposition over subsets of size r; consisting of elements outside
S and having values different from the ones in B. After that, we measure the type of the subset. This
results in the uniform superposition over states in Vj of type (r},r]) with 75 > r9 and v} = O(r1) and
avoiding elements with values in B.

In the positive case, due to a similar argument, the state can be written as as’ ++v1 — a?s” where ¢’
is the uniform superposition over Vj as defined in the proof of Lemma[l.4], and ¢” is some superposition
over |S)p where S intersects {a1, a2, as}. One can show that « is close to 1, hence, the initial state has
large overlap with 1-eigenspace of RgR A

Then, we can apply the algorithm from Lemma [[4] with additional modification that a vertex (.5, j)
is declared a dead-end also if z; has a value in B. This finds a 3-collision in time O(N/,/7z) if its value
is different from a value in B. For the values in B, we search for a 2-collision outside B but having a
value equal to a value in B. This can be implemented in time O(N 2/3 ) using the standard algorithm for
2-distinctness with minor modifications.

Thus, up to polylogarithmic factors, the time complexity of the algorithm is 71 + 721/ N/r1 + N//T2.
This attains optimal value of O(N°/7) for r; = N®7 and r, = N*/7. This finishes the proof of Theo-
rem [7.3]

7.5 Summary

In this chapter, we constructed a new variant of Szegedy-type quantum walks. The main innovations
are that the walk need not start in the stationary distribution, and the expected number of steps of the
walk is expressed in terms of electric resistance, not the classical hitting time. This provides greater
flexibility, since one is not interested in preparing the stationary distribution state. Also, the effective
resistance is easier to estimate than the spectral gap of a classical random walk.

We used this type of quantum walks in an alternative realisation of learning graphs, and we also
applied it to the k-distinctness problem. The application to the k-distinctness problem is different from
the learning-graph-based algorithm from Chapter Bl We split the algorithm into two parts: the set-up

1One can modify the algorithm so that it does not require this observation. With probability 1/2, continue with the
old algorithm, and with probability 1/2, measure the content of S and search for a 2-distinctness outside S having a value
equal to a value in S. This can be done using the standard algorithm for 2-distinctness with minor modifications.
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and the walk phases, akin to the original algorithm by Ambainis, Proposition The walk phase can
be implemented for any k, but we managed to implement the set-up phase only for k = 3. It is an open
problem to implement the set-up phase, or to come up with a different time-efficient implementation of
k-distinctness, for k > 3.

We are interested in further applications of Theorem It could be based on some classical al-
gorithm, since many of them start in a state far from the stationary distribution. However, the new
quantum walk still does not match the flexibility of classical random walks: the initial state has to be
hard-wired into the algorithm, as well as the estimate R on the effective resistance. This makes it hard
to apply this result for graphs of unknown structure, and limits the scope of possible applications.



Conclusion

In the thesis, we developed a number of tools for the development of query- and time-efficient quantum
algorithms, as well as for proving lower bounds. We improved quantum query complexity of such problems
as triangle detection, k-distinctness, associativity testing. We proved lower bounds on the quantum query
complexity of the k-sum and the triangle sum problems. We developed time-efficient algorithms for path-
and claw-detection, and for the 3-distinctness problems.

In the thesis, we have already mentioned some interesting open problems that can be attacked using
these techniques. This includes determining the quantum query complexity of the graph collision prob-
lem, proving adversary lower bounds for the collision, the set equality and the k-distinctness problems,
developing new time-efficient algorithms using new variant of the quantum walk.

However, there are more open problems. All the algorithms in our thesis used that the computed
function has small certificates. Also, they all were for decision problems with Boolean output. However,
we know that the adversary bound is tight also for functions beyond this class. It would be interesting
to construct dual adversary solutions for such functions.

Also, all speed-ups we attain in the thesis are polynomial (actually, at most quadratic). It is an
interesting open problem to develop quantum walks that obtain superpolynomial separations either in
the query complexity or in the time complexity. Some examples are known for quite a while [74, 45],
and we hope that some of the new ideas may help in more practical problems, like the Hidden Subgroup
Problem or the BQP versus PH problem.
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Appendix A

Technical Results

In this chapter, we briefly describe some technical results we use throughout the thesis.

A.1 Linear Algebra

Most of the results mentioned in the appendix can be found in the book by Horn and Johnson [66]. If
the following, we implicitly assume that all involved sums and products of matrices/vectors are defined.

We work with finite-dimensional complex or real vectors spaces. We use C*4 or R? to denote vector
space over the field of complex or real number, respectively, having elements of A as its orthonormal
basis. The element of the basis corresponding to an element a € A will be usually denoted by e,. The
most common case is C" or R”, in which case the elements of the basis are labelled by integers from 1
to n. We represent vectors by column-matrices. If v € C4, we use v[a] to denote the ath component of
the vector. Thus, v =73 ., v]a]e,.

Also, we work with complex and real matrices. An X x Y matrix is a matrix with its rows labelled by
the elements of X and its columns labelled by the elements of Y. By A[i, j] we denote the (4, j)th entry
of the matrix A. For two matrices A and B, we define their ordinary product AB, and Hadamard (entry-
wise) product Ao B. If A is an X x Y matrix, and B is an X’ x Y/ matrix, then their tensor (Kronecker)
product A ® B is the (X x X’) x (Y x Y’) matrix defined by (A ® B)[(z,z’), (y,v")] = Alz,y]| B[, v']-
It satisfies (A ® B)(C ® D) = (AC) ® (BD). Also, we use direct sums of vectors, as well as of matrices
that we denote by ®. We denote the trace (the sum of the diagonal elements) by tr A.

The inner product (u,v) of two vectors in C™ is defined by >, (u[i])*v[i], where * stands for the
complex conjugate. By A*, where A is a matrix, we denote the conjugate transpose of A. It is the only
matrix that satisfies (u, Av) = (A*u,v) for all vectors u and v of the appropriate sizes.

The norm of the vector u is defined as ||u|| = y/(u, u). The unit vector is a vector of norm 1. The norm
satisfies the triangle inequality ||u+v|| < ||lu]|+]|v|| and the Cauchy-Schwarz inequality |{(u,v)| < [Jul|||v]|-

Similarly, we define the inner product of two m x n matrices A and B as (A, B) = tr(A*B). It
is equivalent to the inner product on vectors, if the matrices are treated as vectors in mmn-dimensional
vector space. The corresponding norm is the Frobenius norm ||A||p = y/(A, A). It also satisfies the
triangle and the Cauchy-Schwarz inequalities.

The spectral norm of an m x n matrix A is defined as || A|| = max,, , u*Av where u and v range over
unit vectors in C™ and C™, respectively. Thus, ||Av|| < [[Al/||v]] and [[AV g, [[VA|g < AV ||g. The
spectral norm satisfies the triangle inequality, and also ||AB]| < ||A]|||B|l-

Assume A is n X n matrix. A number A € C and vector v € C" are eigenvalue and eigenvector of
A, respectively, if Av = Av. An A-eigenvector is an eigenvector with eigenvalue X\. The A-eigenspace is
the linear subspace of all A-eigenvectors. The largest absolute value of an eigenvalue of A is called the
spectral radius of A and is denoted by p(A). For any two matrices A and B, the matrices AB and BA
have the same non-zero eigenvalues, counted with multiplicity.

A square matrix U is called unitary if U*U = I. It is equivalent to (Uu, Uv) = (u,v) for all u and v.
A square matrix A can be transformed into some canonical form A using a unitary matrix U: A = U*AU.
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The form of A depends on the conditions the matrix A satisfies, and is summarised in Table [A1l The
result of the first row of the table is known as Schur’s theorem.

Name Condition Form of A
General matrix Upper triangular, eigenvalues on the diagonal
Normal A*A = AA* Diagonal
Hermitian A=A Diagonal with real entries
Positive semi-definite (Av,v) > 0 for all v Diagonal with non-negative entries
Positive definite (Av,v) > 0 for all v # 0 Diagonal with positive entries

Table A.1: Main types of matrices

We use notation A = 0 and A > 0 to denote that A is positive semi-definite or positive definite,
respectively. The set of n x n real positive semi-definite matrices is a topologically closed convex cone: if
A,B > 0andc,d >0, then cA+dB > 0. This induces a partial ordering on the set of all real symmetric
matrices. We say that A = B if A — B > 0. The cone of real positive semi-definite matrices is self-dual:
(A,B) >0 for all A,B > 0. Also, if (A, V) > 0 for all A > 0, then V is positive semi-definite. Finally,
A® B *=0,and Ao B » 0 for all positive semi-definite A and B.

From the second row of Table [A]], it follows that each normal n x n matrix A can be decomposed
as A = 22:1 Aivjv;, where r is the rank of A, A\; € C, and v; are pairwise orthogonal unit vectors in
C™. For each i, \; and v; are an eigenvalue and the corresponding eigenvector of A. This decomposition
is called the eigenvalue decomposition of A. If A is real and Hermitian (also called symmetric), then A;
and all the entries of v; can be taken real.

An arbitrary m x n matrix A admits a singular value decomposition: A = >"'_, oyufv,. Here, r is
the rank of A, and o; are positive real numbers. The vectors u; are pairwise orthogonal unit vector of
C™, and v; are pairwise orthogonal unit vectors in C™. The number o; is called a singular value of A,
and u; and v; are the corresponding left and right singular vectors of A. The set of o; coincides with the
set of square roots of the non-zero eigenvalues of A*A counted with multiplicity (alternatively, one may
take AA*). The vectors v; and u; are the corresponding eigenvectors of A*A and AA*, respectively. The
spectral norm of A equals the largest of o;.

A square matrix A is called non-negative (resp., positive), if all its entries are non-negative (resp.,
positive). A non-negative matrix A is called primitive if A* is positive for some positive integer k. The
Perron-Frobenius Theorem asserts that if A is a primitive non-negative matrix, then the spectral radius
p(A) is an eigenvalue of A with multiplicity 1, the corresponding eigenvector has only positive entries,
and all the remaining eigenvalues of A are strictly less than p(A) is absolute value.

A.2 Convex Optimisation

In this section, we briefly describe convex optimisation with emphasis on inequalities involving real semi-
definite matrices. This type of optimisation is known as semi-definite optimisation. We explicitly write
out the Lagrangian, as we find it a more intuitive approach comparing to usage of black-box standard
forms. For more detail, the reader may refer to the book by Boyd and Vandenberghe [34].

Let V be a vector space. A subset D C V is called convex if z,y € D implies that 6z + (1 — 0)y € D
for all real  between 0 and 1. A function f: D — R, defined on a convex subset, is called convex if
fllz+(1—0)y) <O0f(x)+ (1 —0)f(y) for all z,y € D and all real 6 between 0 and 1. For example, all
linear and affine functions are convex.

Similarly, let F': D — Rg 4 be a function to the linear space of all real symmetric d x d matrices. We
say that the function F is convex (with respect to the cone of semi-definite matrices) if F(6z+(1—6)y) <
OF () + (1 —0)F(y) for all z,y e D and 0 < § < 1.
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A convex optimisation problem is a problem of the form

minimise fo(z) (A.1a)
subject to fi(z) <0 for all i; (A.1b)
Gj(z) 20 for all j; (A.1lc)
hi(z) =0 for all k. (A.1d)

where f; and G; are convex functions with the values in R and the space of square matrices, respec-
tively; and hp: V — R are linear functions. The function fy is known as the objective function, and
equations (A.1bl), (A.ld) and (A.1d)) are known as the constraints.

Let D denote the intersection of the domains of all the functions in (AJ]). Tt is a convex set. A point
x € D is called feasible if it satisfies the constraints (A1), (AId), and (AId)). A feasible point x* is
called optimal if the value of fo(z*) is minimal possible among all feasible points.

We write out the Lagrangian of this optimisation problem, that is a function of the form

L(x,\, M,v) = foz ZtrMG Zukhk

where A = (\;), M = (M;) and v = (1) satisfy A\; > 0, M; = 0, and hy, € R for all ¢, j and k. They are
known as the Lagrange multipliers. Let us denote

9\ M,v) = inf L(z, A, M,v).

Let p* be the optimal value of (AT that is attained for the value x* of the variable. Then, for any
choice of A\;, M; and vy, we get that

g\ M,v) < L(z*, A\, M,v) = +foz +ZtrMG +Zukhk ) < fola™) =p",

since z* is a feasible solution. (Here, we used that tr(AB) > 0 for all A,B = 0.) Thus, g(\, M,v)
provides a lower bound on the value of p*. If we search for the best lower bound obtained in this way,
we arrive to the following dual optimisation problem:

maximise g\, M, v) (A.2a)
subject to A >0 for all 4 (A.2b)
M; =0 for all j. (A.2¢)

Thus, the optimal value d* of (A2]) never exceeds the optimal value of (AJ]). This fact is known
as weak duality. In actual applications, we not always use exactly the same form of the optimisation
problem, but rather follow a closely related transformation.

In many cases, the equality p* = d* holds. This is known as strong duality. The optimisation
problem (AJ]) is called strictly feasible, if there exists x such that f;(z) < 0 and G;(x) < 0 for all ¢ and
j. Slater’s condition implies strong duality if (A.J]) is convex and strictly feasible.
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